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APPLIED  TECHNOLOGY  LABORATORY  POSITION  STATEMENT 


This  report  d scribes  an  effort  undertaken  to  improve  small  gas  turbine  combustor  design 
techniques.  This  analytical  procedure  it  viewed  as  a significant  step  toward  reducing  the 
design  and  development  time  and  the  cost  associated  with  future  Army  gas  turbine  com- 
bustors while  simultaneously  achieving  a more  durable  and  fuel-efficient  design,  The 
reader  is  referred  to  the  report  documentation  page  for  a description  of  each  of  tha 
three  volumes  of  this  report.  It  is  considered  worthy  of  widespread  application  with  the 
turbine  industry.  Any  critique  or  other  response  regarding  its  use  should  be  addressed  to 
this  agency. 

Mr.  Kent  Smith  of  the  Propulsion  Technical  Area,  Aeronautical  Technology  Division, 
served  as  Project  Engineer  for  this  effort. 
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This  report  describes  the  37-month  program  for  the  development  of  analytical  models 
applicable  to  small  gas  turbine  oombustors.  Six  analytical  models  were  developed  and 
validated  with  element  tests.  The  inputs  and  correlations  obtained  from  the  element 
tests  along  with  basic  developments  to  the  models  and  the  numerics  provided  analytical 
models  wtoM*  when  used  In  judicious  conjunction  with  traditional  empirical  design  and 
development  of  two  different  advanced  reverse  flow  annular  oombustor  concepts.  One 
oonoept  met  all  program  performance  goals  without  any  major  design  modifications  and 
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the  second  concept  required  only  one  modification  to  meet  the  objectives.  Therefore, 
the  analytical  models,  when  used  in  the  proper  context  in  conjunction  with  empirical 
methodology  will  reduce  the  design  and  development  time  and  cost  associated  with  gas 
turbine  combustion  systems.  In  addition,  the  models  add  to  the  fundamental  under- 
standing of  the  physioal  processes  occurring  within  the  combustor  which  affeot  its 
performance. 

Extensive  performance  mapping  of  the  two  developed  combustor  concepts  was  con- 
ducted. This  data  was  used  to  validate  and  update  the  computer  models..  The  degree  of 
correlation  between  model  predictions  and  test  measurements  is  generally  good  for  this 
stage  of  development.  _ - - - — - ""  ' 

C}  This  la  Volume  1 of  the  three-volume  final  report  covering  the  aombustor  element  tests 
and  model  validation  that  took  place  in  Task  1 of  the  program.  Volume  n reports  the 
results  of  program  Tasks  D and  m on  the  design,  fabrication,  and  rig  test  of  the  two 
different  oombustors*(de»crlbed  above)  designed  to  speoifio  goals  utilising  the 
analytical  prooedureSKVoluma  m is  the  User's  Manual  for  the  modeluand  tnoludes  a 
description  of  the  models  and  a listing  of  the  computer  codes  with  IruKructlons  on  usage. 
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ABSTRACT 


The  Combustor  Design  Criteria  Validation  Program  was  con- 
ducted by  the  AiResearch  Manufacturing  Company  of  Arizona  under 
Contract  DAAJ02-75-C-0044  with  the  Applied  Technology  Laboratory, 
U.S.  Army  Research  and  Technology  Laboratories  (AVRADCOM) . The 
primary  objective  of  the  three-phase  program  waB  to  develop  and 
validate  computer  analytical  models  for  application  to  small  gas 
turbine  engine  propulsion  combustion  systems. 

1 This  report  is  presented  in  throe  volumes.  Volume  I 

describes  the  formulation  and  validation  through  element  test- 
ing of  six  computer  models  conducted  under  TaBk  I.  Volume  II 
describes  the  application  of  the  computer  models  to  the  design 
t and  development  of  two  combustor  concepts  conducted  under 

Tasks  II  and  III.  Volume  III  consists  of  a description  of  the 
analytical  models  and  a listing  of  the  computer  codes  with 
instructions  on  usage. 

The  Program  Manager  was  Mr.  T.  W.  Bruce  and  the  Principal 
Investigator  was  Dr.  H.  C.  Mongia.  Principal  contributing 
engineers  were  Mr.  R.  S,  Reynolds,  who  directed  the  development 
of  the  analytical  models  and  Mr.  E.  B.  Coleman  who  directed  the 
design  and  testing  efforts.  The  program  was  monitored  by 
Mr.  K.  Smith  from  the  Applied  Technology  Laboratory,  U.S.  Army 
Research  and  Technology  Laboratories,  Fort  Eustis,  Virginia. 


s 


% 

( 


! 

[ : 

[ 

* 

( 


i 


L 


TABLE  OF  CONTENTS 


i 

l 


ABSTRACT  3 

LIST  OF  ILLUSTRATIONS 7 

LIST  Or  TABLES 19 

I.  INTRODUCTION 21 

A.  General  Information  21 

B.  Objectives 22 

1,  Engine/Component  Configuration  23 

2.  Parameters  and  Goals 23 

C.  Summary 25 

II.  COMBUSTOR  DESIGN  PROCEDURES  29 

A.  Empirical  Design  and  Development  Procedures  . . 30 

B.  Empirical/Analytical  Design  Procedure  38 

III.  ANALYTICAL  MODELS  DESCRIPTION  45 

A.  Annulus  Flow  Model 45 

B.  3-D  Combustor -Performance  Model  46 

C.  Wall-Cooling  Model 49 

D.  Transition-Mixing  Model  50 

E.  2-D  Emissions  Model 51 

F.  Fuel-Insertion  Model  52 

IV.  ELEMENT  TESTS  ’ 54 

A.  Liner  Cooling 55 

1.  Liner-Cooling  Test  Rig  and  Instrumentation  59 

2.  Performance  of  Conventional  Film/Convection 

Cooling  Scheme 62 

3.  Performance  of  Impingement  Film/Convection- 

Cooling  Scheme 75 

4.  Performance  of  Conventional  Film/Extended 

Surface  Convection  Cooling  Scheme  84 

5.  Performance  of  Coarse-Pore  Transpiration 

Cooling  Scheme  88 

6.  Relative  comparison  of  Cooling  Schemes  . . 97 


I 

i 


5 


u 


r 


i 


TABLE  OF  CONTENTS  (Contd.) 


B.  Jet  Mixing 


Pa^e 

103 


1. 

2. 


Mixing  Characteristics  of  Two-Opposing  Jets  111 

Mixing  Characteristics  of  Four  Opposing 

Jets 114 

Mixing  Characteristics  of  Six-Opposing  Jets  118 

Mixing  Characteristics  of  Inline  and 

Staggered  Rows  of  Six-Opposing  Jets  ....  121 


C.  Can  Combustor  Cold-Flow  Mapping  126 

D.  Can  Combustor  Reacting  Flow  Mapping  . , ...  140 

E.  Radiation  Flux  Measurements 153 

F.  Ignition  Tests  with  Airblast  Nozzles  ......  158 

G.  Nozzle  Spray  Sauter  Mean  Diameter  Measurements  . 160 

1.  Description  of  Apparatus 160 

2.  Theory 164 

3.  SMD  Correlation  . 170 

H.  Transition  Liner  Mixing  Tests  174 

V.  MODEL  VALIDATION  188 

A.  Liner  Cooling  .....  192 

B.  Jet  Mixing 193 

C.  Can  Combustor  Cold-Flow  Mapping  222 

D.  Can  Combustor  Reacting  Flow  Mapping 237 

E.  Radiation  Model  Validation  334 

F.  Transition  Mixing  Model  Validation  335 

VI.  CONCLUSIONS 342 

VII.  REFERENCES 345 

APPENDIX  A - Tabulation  of  Internal  Emissions  Data 
of  Set-1  through  Set-13  of  Table  15 
and  Table  16 348 


!: 


* 


i 

i 


<1 

i 


i 

» 

i 


I ' 


u 


v 

i 

4 


i 

•I 


\ 

i 


LIST  OF  ILLUSTRATIONS 

Figure  Page 

1 Combustor  Efficiency  As  a Function  of  Loading 

Parameter 32 

2 Relationship  of  Space  Heating  Rate  to  Annular 

Combustor  Size 33 

i 

3 Overall  Pressure  Loss  and  Discharge  Pattern 

Factor 34 

4 Typical  Experience  Curves  for  Liner<Cooling 

Flow  Requirement 36 

5 Empirical/Analytical  Combustor  Design  Procedure 

Logic  Chart . 43 

6 Typical  Computer  Plot  for  Annulus  Flow  Program 

Output 47 

7 Combustor  Film  Cooling  Configurations  57 

8 Effect  of  Density  Ratio,  ps/ p*v  Lip  Geometry 

and  Main  Stream  Boundary  Layer  Thickness  on 
Impermeable  Wall  Effectiveness,  , as  Reported 

1 e O 

by  Burns  and  Stollery  58 

9 A Schematic  Layout  and  Liner  Cooling/Impinging 

Jets/Can  Combustion  Rig  61 

10  Probe  Actuator 64 

11  Linor  Cooling/Impinging  Jets/Can  Combustor  Rig  ,,  65 

12  Liner  Cooling/Impinging  Jet  Test  Section  66 

13  Conventional  Film/Convection  Cooling  Scheme  67 

14  Measured  Wall  Temperatures  of  Conventional  Film 

In  Line  With  Orifice 70 

15  Measured  Wall  Temperatures  of  Conventional  Film 

' In  Between  Cooling  Orifices  71 

16  Film  Effectiveness  of  Conventional  Film  Cooling 
Scheme  and  Comparison  with  Burns  and  Stollery 

Data 74 


7 


LIST  OF  ILLUSTRATIONS  (CONTD) 


Figure  Page 


17 

Film  Cooling  Effectiveness  Measured  in  Low  dT 
and  Turbulence  Level  Environment 

76 

18 

Film  Effectiveness  of  Conventional  Film  Cooling 
Scheme  

77 

19 

Impingement  Film/Convection  Cooling  Scheme  

78 

\ 

20 

Performance  of  Splash  Plate  of  the  Impingement/ 
Film  Configuration 

81 

* ! 

21 

Performance  of  the  Film  of  Impingement/Film 
Configuration  

82 

! 

•j 

22 

Performance  of  Impingement/Film  Cooling  Scheme  .. 

834 

i 

c 

23 

Film  Effectiveness  of  Impingement/Film  Cooling 
Scheme  With  Density  Ratio  as  Parameter 

85 

\ 

! 

24 

Performance  of  Impingement/Film  Geometry  

86 

25 

Film/Extended  Surface  Convection  Cooling  Scheme  . 

87 

26 

Performance  of  Film/Extended  Surface  Convection 
Cooling  Scheme 

90 

27 

Coarse-Pore  Transpiration  Cooling  Scheme  

91 

28 

Wall  Temperatures  of  Coarse-Pore  Transpiration 
Cooling  Scheme  

94 

29 

Performance  of  Coarse-Pore  Transpiration 

Cooling  Scheme  

95 

30 

Film  Effectiveness  of  Coarse-Pore  Transpiration 
Measured  by  BROCQ 

96 

31 

Comparison  of  the  Four  Cooling  Schemes  in 
Nonreactinq  Flow  Fields  

98 

« 

32 

Wall  Temperature  Characteristics  as  Determined 
by  Thermindex  OG-6  of  Conventional  Cooling  Scheme. 

99 

? 

33 

Wall  Temperature  Characteristics  of  Film/Extended 
Surface  Cooling  Scheme.. 

101 

I 

I 1 

■ i 8 


LIST  OP  ILLUSTRATIONS  (CONTD) 

Page 

Wall  Temperature  Characteristics  of  Impingement/ 

Film  Cooling  Scheme  102 

A Typical  Comparison  Between  Mixing  Character- 
istics of  In-line  and  Staggered  Rows  of  Dilution 
Jets  Upstream  of  the  Second  Row  (3  Sheets)  106 

A Typical  Comparison  Between  Mixing  Character- 
istics of  In-line  and  Staggered  Rows  of  Dilution 
Jets  in  the  Region  Downstream  of  the  Second  Row 
(2  Sheets) 109 

Measured  Mix  Characteristics  of  Two-Impinging 

Jets  With  Momentum  Ratio  (J)  As  a Parameter  113 

Measured  Mixing  Characteristics  of  Four-Opposing 
Jets  116 

Measured  Mixing  Characteristics  of  Four-Opposing 
Jets  117 117 

Mixing  Characteristics  of  Four-Impinging  Jets 

With  Momentum  Ratio  (J)  As  a Parameter 120 

Measured  Mixing  Characteristics  of  the  In-Line 
Six-Opposing  Jets  . 124 

Measured  Mixing  Characteristics  of  the  Staggered 
Six-Opposing  Jets 125 

Can  Combustor  for  Cold  Velocity  Mapping  . .. 127 

A Five-Hole  Pyramid  Probe  and  Calibration  Setup  . . 129 

A Five-Hole  Pyramid  Probe  and  Calibration  Setup,.  131 

Cold  Flow  Can  Combustor  Mapping 132 

Typical  Pressure  and  Yaw  Angle  Traces 134 

Axial  Velocity  Profiles  for  Condition  No.  1 135 

Axial  Velocity  Profiles  for  Condition  No.  1 136 

Axial  Velocity  Profiles  for  Condition  No.  1 137 

Axial  Velocity  Profiles  for  Condition  No.  1 138 

Can  Combustor  for  Reacting  Flow  Mapping 141 


LIST  OF  ILLUSTRATIONS  (CONTD) 


Figure  Page 

53  Emission  Probe  and  Hot  Water/Steam  Condensing 

Unit  142 

54  Natural  Gas  Nozzle  and  Airblast  Nozzle  Used 

for  the  Can  Combustor  Mapping 146 

55  Measured  Unburned  Hydrocarbon  Profiles  In  Line 

and  in  Between  Primary  Jet  for  Set-1 146 

56  Average  Profiles  of  HC  and  CO  for  Set-1  through 

Set-4  149 

57  Average  Profiles  of  HC  and  CO  for  Set-5  through 

Set-7  150 

58  Average  Profiles  of  HC  and  CO  for  Set-8  through 

Set-13  151 

59  Average  Profiles  for  NO  for  Set-1  through 

Set-13  152 

60  Measured  HC,  CO,#  CO,  and  NO  Profiles  at  13mm 
Downstream  from,  and  In  Line  with,  the  Primary 

Hole  for  Set-13  of  Table  16 156 

61  Measured  HC,  CO,,  CO,  and  NO  Profiles  at  15.6mm 

Downstream  from,  and  In  LlnexWith,  the  Dilution 
Hole  for  Set-13  of  Tablo  16 157 

62  Schematic  of  Optical  Apparatus  used  in  Light- 

Scattering  Technique  161 

63  Light  Scattering  Optical  Apparatus 163 

64  Mean  Theoretical  Illumination  Profile '.66 

65  Typical  Experimental  Light  Intensity  Profile....  167 

66  Typical  Pure/Air-Assist  Airblast  Nozzle 

Atomization  Characteristics 172 


67  External  Air  Assisted  Pressure  Atomizer  SMD 

Characteristics  173 

68  Effect  of  Air  Assist  Pressure  on  SMD  Expression 

Constant 175 


10 


LIST  OF  ILLUSTRATIONS  (CONTD) 


Figure 

Page 

69 

A Schematic  of  the  Transition  Mixinq  Riq  

176 

70 

Modified  Combustor  Used  for  Transition  Mixing 
Tests  

177 

71 

Transition  Mixing  Rig  

178 

72 

Transition  Mixing  Tests*  Scan  -1  

183 

73 

Transition  Mixing  Tests,  Scan-1 

184 

74 

Transition  Mixing  Test,  Scan  1 

186 

75 

Mixina  Parameter  Versus  r 

187 

189 

76 

y (Hot) 

A Typical  Reverse-Flow  Annulus  Combustion 

System 

77 

A Comparison  Between  Predicted  and  Measured 

Liner  Hall  Temperatures  for  Set-1  of  Table  2.... 

194 

78 

A Comparison  Between  Predicted  and  Measured 

Liner  Wall  Temperatures  for  Set-2  of  Table  2.... 

195 

79 

A Comparison  Between  Predicted  and  Measured 

Liner  Wall  Temperatures  for  set-3  of  Table  2,,,. 

196 

80 

A Comparison  Between  Predicted  and  Measured 

Liner  Wall  Temperatures  for  Set-4  of  Table  2.... 

197 

81 

A Comparison  Between  Predicted  and  Measured 

Liner  Wall  Temperatures  for  Set-5  of  Table  2..,. 

198 

82 

Finite  Difference  Grid  Spacing  for  Four- 
Opposing  Jets 

200 

83 

Effect  of  Cumulative  Mssb  Residual  (S)  on 
Predicted  Isothermal  Profiles  of  Set-3  of 

Table  10 

202 

84 

Effect  of  Jot  Angle  on  Predicted  Isothermal 

Lines  of  Set-3  of  Table  10 

203 

85 

Effect  of  Effective  Prandtl  Number  on  Predicted 
Isothermal  Plots  of  Set-3  of  Table  10 

204 

11 


LIST  OP  ILLUSTRATIONS  (CONTD) 


Figure  Page 


86  Comparison  Between  Predicted  and  Measured  Jet 
Trajectories  of  Four-Opposing  Jets  with  Jet 
Momentum  Ratio  as  a Parameter;  Refer  to  Table  10 

for  Other  Details  205 

87  Comparison  Between  Measured  and  Predicted 
isothermal  Lines  of  a Four-Opposing  Jet  Case, 

J = 2.9,  Set-1  of  Table  10  207 

88  Comparison  Between  Predicted  and  Measured 
isothermal  Lines  of  a Four-Opposing  Jet  Case 

J ■ 2.9,  Set-1  of  Table  10  208 

89  Comparison  Between  Predicted  and  Measured 
Isothermal  Line  of  a Four-Opposing  Jet  Case, 

J » 20.9,  Set-3  of  Table  10 209 

90  Comparison  Between  Predicted  and  Measured 
Isothermal  Lines  of  a Four-Opposing  Jet  Case, 

J = 65.1,  Set-5  of  Table  10 210 

91  Comparison  Between  Predicted  and  Measured  Jet 

Trajectories  of  Six-Opposing  Jets  with  Jet 
Momentum  Ratio  as  a Parameter  (3  Sheets) 211 

92  Comparison  Between  Predicted  and  Measured 
Isothermal  Lines  of  a Six-Opposing  Jet, 

J ■ 3.2,  Set-1  of  Table  11.. 214 

93  Comparison  Between  Predicted  and  Measured 
Isothermal  Lines  of  a Six-Opposing  Jet, 

J * 11.0,  Set-2  of  Table  11 215 

94  Between  Predicted  and  Measured 
Isothermal  Lines  of  a Six-Opposing  Jet, 

J « 17.3,  Set-3  of  Table  11 216 

95  Comparison  Between  Predicted  and  Measured 
Isothermal  Lines  of  a Six-Opposing  Jet, 

J » 41.1,  Set-4  of  Table  11 217 

96  Comparison  Between  Predicted  and  Measured 
Isothermal  Lines  of  a Six-Opposing  Jet, 

J - 61.1,  Set-5  of  Table  11 218 

97  Comparison  Between  Predicted  and  Measured 
Jet  Trajectories  of  Two  Staggered  Rows  of 
Six-Opposing  Jets;  Jet  Momentum  Ratio  » 4.5  ......  219 


4 

! 


4 


12 


LIST  OF  ILLUSTRATIONS  (CONTD) 


Figure  Page 

98  Predicted  Mixing  Characteristics  of  a First-Row 
Jet  of  Two  In-Line  Rows  of  Six-Opposing  Jets 

Conf iguration;Location  of  First  Row  x = 6.35  cm..  220 

99  Predicted  Mixing  Characteristics  of  a Second-Row 


Jet  of  Two  In-Line  Rows  of  Six-Opposing  Jets 
Configuration?  Location  of  Second  Row 
x » 10.59  cm  221 

100  Grid  Spacing  Used  for  Can  Combustor  Model 

»'  Validation 223 

101  Comparison  Between  Predicted  and  Measured 
Axial  Velocity  Profiles  Different  X-Y  Planes 
In  Line  With  Primary  Jet?  Combustor  Airflow 

Rate  » 1.82  kg/s 225 

102  Comparison  Between  Predicted  and  Measured 

Axial  Velocity  Profiles  in  Different  X-Y 
Planes  in  Between  Primary  Jet  Combustor 

Airflow  Rate  ■ 1.82  kg/s.... 226 

103  Comparison  Between  Predicted  and  Measured 

Axial  Velocity  Profiles  in  Different  X-Y 
Planes  In  Line  With  Primary  Jet*  Combustor 

(2  Sheets) 227 

104  Comparison  Between  Predicted  and  Measured 

Axial  Velocity  Profiles  in  Different  X-Y 
Planes  in  Between  Primary  Jet?  Combustor 

Airflow  Rate  - 2.26  kg/s  (2  Sheets) 229 

105  Comparison  Between  Predicted  and  Measured 

Axial  Velocity  Profiles  in  Different  X-Y 
Planes  in  Line  With  Primary  Jet?  Combustor 

Airflow  Rate  ■ 2.74  kg/s  (?.  Sheets)  231 

t 106  Comparison  Between  Predicted  and  Measured 

Axial  Velocity  Profiles  in  Different  X-Y 
Planes  in  Between  Primary  Jet,  Combustor 
Airflow  Rate  ■ 2.74  kg/s  (2  Sheets) 233 

* 107  Predicted  Reverse-Flow  Region  With  and 

Without  Combustion  for  the  Plane  In  Line  With 
Primary  Jet  236 


13 


LIST  OP  ILLUSTRATIONS  (CONTD) 

Figure  Page 

108  Predicted  Profiles  of  Turbulence  Kinetic 

Energy  Combustor  Liner  Pressure  Drop  ■ 5% 238 

109  Predicted  Profiles  of  Turbulence  Kinetic 

Energy  Combustor  Liner  Pressure  Drop  - 7.4% 239 

110  Comparison  Between  Predicted  and  Measured  l 

, Unburned  Fuel  at  Different  X-Y  Planes 

' (9*  0°)  In  Between  the  Primary  Jets  ( 0«  30°) 
for  Set-2,  Table  15  (2  Sheets)  242 

k 

111  Comparison  Between  Predicted  and  Measured 
Unburned  Fuel  at  Different  X-Y  Planes  ( $•  15°) 

(as  Compared  to  Primary  Jet  Located  at  0*  30°) 

for  Set-2,  Table  15  (2  Sheets) 244 

112  Comparison  Between  Predicted  and  Measured 
Unburned  Fuel  at  Different  X-Y  Planes  In  Line 
with  the  Primary  Jet  ( 0«  30°)  for  Set-2 

Table  15  (2  Sheets) 247 

113  Comparison  Between  Measurements  and  Predictions 
With  and  Without  Probe  Blockage  for  the  X-Y 
Plane  In-Line  With  the  Primary  Jet  for  Set-2, 

Table  15 249 

114  Comparison  Between  predicted  and  Measured 
Profiles  of  CO  at  Different  X-Y  Planes  ( e ■ 0°) 
in  Between  the  Primary  Jet  ( 9 ■ 30°)  for 

Set-?,  Table  15  (2  Sheets) 253 

115  Comparison  Between  Predicted  and  Measured  CO 
at  Different  X-Y  Planes  ( 0*  15°)  for  Set-2 

Table  15  (2  Sheets) 255 

116  Comparison  Between  Predicted  and  Measured  CO  at 
Different  X-Y  Planes  (0  - 30°)  for  Set-2, 

Table  15  (2  Sheets)  257  i 

117  Comparison  Between  Predicted  and  Measured 
Profiles  of  Fuel/Air  Ratio  Along  0>«  0°  for 

Set-2,  Table  15  (2  Sheets)  259 

118  Comparison  Between  Predicted  and  Measured 
Profiles  of  Fuel/Air  Ratio  Along  0*  15°  for 

Set-2,  Table  15  (2  Sheets) 261 


14 


LIST  OP  ILLUSTRATIONS  (CQNTD) 


Figure  Page 


119  Comparison  Between  Predicted  and  Measured 
Profiles  of  Fuel/Air  Ratio  Along  0-  30°  for 

Set-2,  Table  15  (2  Sheets) 263 

120  Comparison  Between  Predicted  and  Measured 

\ . Combustion  Efficiency  Along  0«  0°  for 

Set-2,  Table  15  (2  Sheets)  266 

121  Comparison  Between  Predicted  and  Measured 
Combustion  Efficiency  Along  0-  15°  for 

Set-2,  Table  15  (2  Sheets) 268 

122  Comparison  Between  Predicted  and  Measured 
Combustion  Efficiency  Along  0»  30°  for 

Set-2,  Table  (2  Sheets) 270 

123  Predicted  Regions  Controlled  by  Availability 

; of  Oxygen  and  Fuel  and  Chemical  Kinetics  for 

; Set-2  of  Table  15 273 

v 

124  Predicted  Regions  Controlled  of  Availability 

i of  Oxygen  and  Fuel,  and  Chemical  Kinetics  for 

S Set-2  of  Table  15 275 

I 

' 125  Comparison  Between  Predicted  and  Measured  Pro- 

li  files  of  Puel/Air  Ratio  for  the  X-Y  Planes 

(0-0)  in  Between  Primary  Jet  (0*  30°)  for 

Set-8  of  Table  16  (2  Sheets). 276 

\ 

126  Comparison  Between  Predicted  and  Measured 

Profiles  of  Fuel/Air  Ratio  for  the  0 * 15“  Plane 
for  Set-8  of  Table  16  (2  Sheets)  279 


127 

Comparison  Between  Predicted  and  Measured 
Profiles  of  Fuel/Air  Ratio  for  the  X-Y  Planes 

In  Line  With  the  Primary  Jet  for 

Set-8  of  Table  15  (2  Sheets)  

. 282 

128 

Combustion  Efficiency  Profiles  for  the  X-Y 

Planes  (0-0°)  in  Between  the  Primary  Jet 
for  Set-8  of  Table  16  (2  Sheets)...... 

. 284 

i 1 

129 

i 

Combustion  Efficiency  Profiles  for  the  0*  15“ 
Planes  for  Set-8  of  Table  16  (2  Sheets) 

. 287 

! 130 

1 

Combustion  Efficiency  Profiles  for  the  X-Y 
Planes  In  Line  With  the  Primary  Jet  for 

Set-8  of  Table  16  (2  Sheets)  

. 289 

t 


LIST  OF  ILLUSTRATIONS  (CONTD) 


Page 


Figure 


4 

I 


131  Comparison  Between  Measured  and  Predicted 
Unburned  Fuel  for  the  X-Y  Planes  In  Between 
the  Primary  Jet  for  Set-8  of  Table  16 

(2  Sheets)  

132  Comparison  Between  Predicted  and  Measured 
CO  Profiles  for  the  X-Y  Planes  In  Between 
the  Primary  Jet  for  Set-8  of  Table 

(2  Sheets) 

133  Comparison  Between  Predicted  and  Measured 

Profiles  of  Fuel/Air  Ratio  for  the  X-Y  Planes 
in  Between  the  Primary  Jet  for  Set-8  of 
Table  15  (2  Sheets)  

134  Comparison  Between  Predicted  and  Measured 

■ Combustion  Efficiency  for  the  X-Y  Planes  in 

j Between  the  Primary  Jet  for  Set-1  of 

1 Table  15  (2  Sheets)  

V 

I 

[ 135  Comparison  Between  Predicted  and  Measured 

} Profiles  of  Fuel/Air  Ratio  for  the  X-Y  Planes 

' in  Between  the  Primary  Jet  for  Set-3  of 

| Table  15  

| 136  Comparison  Between  Predicted  and  Measured 

Combustion  Efficiency  for  the  X-Y  Planes  in 
i Between  the  Primary  Jet  for  Set-3  of 

i Table  15  


Comparison  Between  Predicted  and  Measured 
Profiles  of  Fuol/Air  Ratio  for  the  X-Y  Planes 
in  Between  the  Primary  Jet  for  Set-4  of 
Table  15 

Comparison  Between  Predicted  and  Measured 
Combustion  Efficiency  for  the  X-Y  Planes  in 
Between  the  Primary  Jet  for  Set-4  of 
Table  15  

Comparison  Between  Predicted  and  Measured 
Profiles  of  Fuel/Air  Ratio  for  the  X-Y 
Planes  in  Between  the  Primary  Jet  for 
Set-6  of  Table  15  • • 

Comparison  Between  Predicted  and  Measured 
Combustion  Efficiency  for  the  X-Y  Planes  in 
Between  the  Primary  Jet  for  Set-6  of 
Table  15 


16 


'.tton  '« .■> yv'MAAIfrl,) 


mar 


Figure 


SBX8  P10B  IS  BBST  QUALITY  P5USTIC1B&1 

ISQiOOFYIUKMSHBDTODOG  

LIST  OF  ILLUSTRATIONS  (CONTD) 


Comparison  Between  Predicted  and  Measured 
Profiles  of  Fuel/Air  Ratio  for  the  X-Y  Planes 
in  Between  the  Primary  Jet  for  Set-5  of 
Table  15  (2  Sheets)  


Comparison  Between  Predicted  and  Measured 
Combustion  Efficiency  for  the  X-Y  Planes  in 
Between  the  Primary  Jet  for  Set-5  of 
Table  15  (2  Sheets)  


Comparison  Between  Predicted  and  Measured 
Profiles  of  Fuel/Air  Ratio  for  the  X-Y  Planes 
in  Between  the  Primary  Jet  for  Set-7  of 
Table  15  (2  Sheets)  


Comparison  Between  Predicted  and  Measured 
Combustion  Efficiency  for  the  X-Y  Planes  in 
Between  the  Primary  Jet  for  Set-7  of 
Table  15  (2  Sheets') 


Comparison  Between  Predicted  and  Measured 
Profiles  of  Fuel/Air  Ratio  for  the  X-Y  Planes 
in  Between  the  Primary  Jet  for  Set-9  of 
Table  16  (2  Sheets)  


Comparison  Between  Predicted  and  Measured 
Combustion  Efficiency  for  the  X-Y  Planes  in 
Between  the  Primary  Jet  for  Set-9  of 
Table  16  (2  Sheets)  


Comparison  Between  Predicted  and  Measured 
Profiles  of  Fuel/Air  Ratio  for  the  X-Y  Planes 
in  Between  the  Primary  Jet  for  Set-10  of 
Table  16  (2  Sheets)  


Comparison  Between  Predicted  and  Measured 
Combustion  Efficiency  for  the  X-Y  Planes  in 
Between  the  Primary  Jet  for  Set-10  of 
Table  16  (2  Sheets) 


Comparison  Between  Predicted  and  Measured 
Profiles  of  Fuel/Air  Ratio  for  the  X-Y 
Planes  in  Between  the  Primary  Jet  for 
Set-11  of  Table  16  


Comparison  Between  Predicted  and  Measured 
Combustion  Efficiency  for  the  X-Y  Planes  in 
Latween  the  Primary  Jet  for  Set-11  of 
Table  16  


tTOwxniTiwn’n' 


LIST  OF  ILLUSTRATIONS  (CONTD) 


Paae 


k. 


I 

I 

4 


1 

j 


\ 

\ 


It 


I; 


Figure 

151 

152 

153 

154 

155 

156 

157 

158 

159 


Comparison  Between  Predicted  and  Measured 

Profiles  of  Fuel/Air  Ratio  for  the  X-Y  Planes 

in  Between  the  Primary  Jet  for  Set-12  of 

Table  16  (2  Sheets) 324 

Comparison  Between  Predicted  and  Measured 
Combustion  Efficiency  for  the  X-Y  Planes  in 
Between  the  Primary  Jet  for  Set-12  of 
Table  16  (2  Sheets) 326 

Comparison  Between  Predicted  and  Measured 

Profiles  of  Fuel/Air  Ratio  for  the  X-Y  Planes 

in  Between  the  Primary  Jet  for  Set-13  of 

Table  16  (2  Sheets)  328 

Comparison  Between  Predicted  and  Measured 
Combustion  Efficiency  for  the  X-Y  Planes  in 
Between  the  Primary  Jet  for  Set-13  of 
Table  16  (2  Sheets) 330 

Contours  of  Net  Radiation  Flux  to  the  Liner 

Wall 336 

Effect  of  Initial  Turbulence  K.E.  and  Length 

Scale  on  Exit  Temperature  Profiles  for  Scan  #1  ..  337 

Predicted  Exit  Temperature  Profiles  Cold  Flow 

from  Upper  Half 339 

Predicted  Temperature  Profiles  for  Cold  Flow 

from  Lower  Half 340 

Pattern  Factor  Comparison  341 


\ 

I 


i 

J 


I 

ii 

i 


i 


I 


18 


LIST  OF  TABLES 


Table  Page 

1 Liner  Cooling  Test  Geometries  and  Flow 

Conditions * SO 

2 Axial  Location  of  AnnulUB  Air  and  Wall 

Thermocouples 63 

3 Test  Conditions  for  Conventional  Film  Cooling  •*  69 

4 Measured  "Film  Effectiveness"  of  Conventional 

Film  Cooling  Scheme  72 

5 Test  Conditions  for  Impingement/Film  Cooling 

Scheme * 80 


i 


1 


\ 


I 

i 


6 Test  Conditions  for  Conventional  Fllm/Extonded 

Surface  Cooling  Scheme  89 

7 Test  Conditions  for  CoarBe-Pore  Transpiration 

Cooling  Scheme  92 

8 Mixing  Characteristics  of  Impinging  Jets  104 

9 Teat  Conditions  of  4-Opposing  Jets  112 

10  Test  Conditions  of  4-OppoBing  Jets  115 

11  Test  Conditions  of  4-Oppoaing  Jets 119 

12  Test  Conditions  of  Two  Rows  of  Inline  Six- 

Opposing  Jets  * 122 

13  Test  Conditions  of  Two  Rows  of  Staggered 

Six-Opposing  Jets  123 

14  Cold  Flow  Can  Combustor  Geometrical  Details  128 

15  Combustor  Flow  Conditions  and  Parameters  for 

Emissions  Mapping  with  Natural  Gas  144 

16  Combustor  Flow  Conditions  and  Parameters  for 

Emissions  Mapping  With  Jet-A  Fuel  145 

17  Radiation  Flux  Through  the  Primary  Orifice 

With  Natural  Gas 155 

18  Radiation  Flux  Through  the  Primary  Orifice 

With  Jet-A  Fuel  155 


l 


) 

» 

) 

i 

j 


\ 


I 


i 


i 


19 


LIST  OP  TABLES  (CONTD) 


Table 


19 


Radiation  Flux  Through  the  Dilution  Hole  With 
Jet-A  Fuel 


Page 


$ 


158 


f. 


L 

[ 

I 

f 

I 

K 

1’ 

t 

i 


;20  Light-Off  Fuel/Air  Ratio  of  a Can  Combustor 

With  JP-4  Fuel  159 

21  Comparison  of  Droplet  Size  Measurement  Taken 

at  C.I.T.  and  AiReaearch  on  Airblast  Nozzle  ....  169 

22  Comparison  of  Droplet  Size  Measurement  Taken 

at  C.I.T.  and  AiResearch  on  Pressure  Atomizer  ..  170 

23  Pressure  Atomizer  SMD  Data 171 

24  Transition  Mixing  Rig  Initial  (Downstream  of 
Splitter  Plate)  and  Final  (Exhaust)  Profile 

Data 181 


* 


J 


i 


I.  INTRODUCTION 


A.  General  Information 
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Past  approaches  to  the  do3ign  of  turbo-propulsion  combustion 
systems  have  relied  largely  on  empirical  correlations  derived 
from  previous  development  experience  and  based  on  theoretical 
considerations  of  the  fundamental  combustion  processes  involved. 
Those  correlation  parameters  have  proved  quite  useful  for  prelim- 
inary dosign  predictions  and  interpretation  of  experimental  re- 
sults in  the  iterative  series  of  development  teats  that  normally 
follow.  With  the  increasing  demands  for  improvements  in  combus- 
tion system  performance  and  particularly  since  the  focus  of 
attention  is  on  combustion  pollutant  omission  reduction,  there 
has  been  a recognised  need  to  obtain  a more  thorough  understand- 
ing of  the  basic  combustion  processes.  Towards  this  objective 
various  mathematical  models  have  been  developed.  The  models 
have  ranged  from  the  perfectly-stirred  and  plug-flow  reactorB 
where  chemical  kinetics  are  considered  to  be  the  primary  control- 
ling factor  to  the  more  rigorous  combustor- flow  models  that  alBo 
acaount  for  the  effects  of  heat,  mass,  and  momentum  transfer. 

Under  a previous  program  sponsored  by  the  U.S.  Army 
(Advanaed,  Small,  High-Tomperaturo-Riso  Combustor  Program),  an 
analytical  dosign  technique  was  developed  that  used  various 
individual  models  to  analyze  component  processes  of  the  combus- 
tion system  such  as  fuel  injection,  primary  zone  performance, 
dilution-zone  mixing,  and  film  cooling.  The  primary-zone  model 
waB  a tvro-dimensional,  finite-difference  recirculating-flow  pro- 
gram that  computed  flow- field  velocities,  temperatures,  and 
species  concentrations.  This  program  demonstrated  the  feasi- 
bility of  mathematical  modeling  as  a promising  aid  in  combustor 
dosign  as  a potential  means  for  helping  to  reduce  the  time  and 
cob t of  development. 
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The  present  program  represents  an  extension  and  refinement 
of  the  previous  effort  with  specific  application  to  the  design 
requirements  of  advanced,  small,  high-temperature-rise  combus- 
tors for  aircraft  engines  in  the  0.91-  to  2 -27-kilogram-per- 
second  flow  range.  This  program  was  performed  for  the  Applied 
Technology  Laboratory,  U.S.  Army  Research  and  Technology  Labora- 
tories (AVRADCOM) , Port  Eustis,  Virginia,  by  the  AiResearch 
Manufacturing  Company  of  Arizona  during  the  period  July  1975  to 
October  1970,  The  program  is  documented  in  this  three-volume 
report. 


B.  Objectives, 


The  primary  objective  of  this  program  was  to  further  develop 
and  validate  existing  analytical  combustor  design  procedures 
that  can  be  used  to  significantly  shorten  the  design  and 
development  cycle  of  small  advanced  gas  turbine  engine  com- 
bustors. 


The  basic  approach  of  this  program  consisted  of  a concen- 
trated analytical  treatment  of  key  combustion  phenomena  affec- 
ting combustor  performance  complemented  by  rig  testB.  The  rig 
test  culminated  in  a complete  series  of  performance  mapping  to 
validate  the  empirical/analytiaal  combustor  design  procedure  in 
an  environment  matching  an  actual  operating  engine. 


The  program  was  initially  comprised  of  four  technical  tasks t 

Task  I - Analytical-Model  Refinement 

Task  XI  - Pull-Scale  Combustor  Design,  Fabrication, 
and  Preliminary  Tests 


Task  III  - Combustor-Performance  Mapping 
Task  IV  - Limited  Modification  and  ReteBt 


22 


» . •»  . . 


f 

F 

i 


I; 

If 

i 

I 

| 

K 


I 


i 


The  Task  I technical  effort  is  described  herein.  A 
complete  description  of  the  Task  II  and  Task  III  activities  is 
presented  in  Volume  II,  The  computer  codes  for  the  combustor 
design  that  evolved  from  that  effort  are  fully  documented  in 
Volume  III.  The  combustor  performance  goals  were  achieved  in 
Tasks  II  and  III;  thus  Task  IV  was  cancelled. 

The  computer  models  are  based  upon  the  numerical  solution 
of  the  governing  aero/thermo  equations  applicable  to  turbo- 
propulsion combustor  environment/  and  are/  therefore/  applicable 
for  analyzing  internal  flowfield  of  can/  can-annular,  and 
annular  combustor  geometries.  Both  the  in-line  and  reverse- 
flow  combustor  configurations  can  be  analyzed. 

The  cost-effectiveness  of  the  empirical/analytical  design 
procedure  was  to  be  demonstrated  by  undertaking  the  design  and 
development  besting  of  two  full-saale  annular  combustors  based 
on  the  following  engine/combustor  configurations/  parameters/  and 
goals i 

1.  Englne/Component  Configuration. 

• Annular-combustor  configurations 

• Centrifugal  compressor  (last  stage) 

• First-stage  axial  turbine 

• Nonregenerative  cycle 


2.  Parameters  and  Goa 1b. 

• Engine  airflow,  ■ 1.30  kg/s 

• Combustor  inlet  pressure  (P^)  - 1013  kPa 

• Compressor  efficiency  ■ 78.4  percent  (total-to-static) 

• Combustor  inlet  temperature  - 622K 
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Combustion  efficiency  • 99.5  percent  (100  percent 

power) 

“ 98.0  percent  (5  percent 
power ) 

Combustor  pressure  loss  « - 3 percent 

T3 

Combustor  discharge  temperature  (T4aVg)  • 1533  K 
Maximum  circumferential  pattern  factor  (PF)  <0,23 


where  PF  » 


T * T 

4 max  4 avc 

T4avg  “ T3  ' 


e Average  radial  temperature  profile  compatible  with 
typical  turbine  blade  requirements 

• Maximum  radial  pattern  factor  (RPF)  <0.075 


where 


t4  avg  rad  max  “ T< 

— ~~~—m 

T4  avg  r3 


T4  avg  rad  max  " poak  va^uo  ot  t'he  circumferentially 
averaged  radial  temperature  profile 


Good  light~of f/relight  capability  to  (5091  meters 
altitude  and  ambient-temperature  conditions  per 
MIL-E-5007D,  Paragraph  3.2. 5.1  (dated  15  October# 
1973) 

No  visible  carbon  formation  with  hot  fuel  or  at 
high-altitude  conditions 

Multifuel  capability,  including  JP-4  and  JP-5 


Fuel  manifold  operational  capability  to  run  for 
20  hours  with  contaminated  JP-4  fuel  in  accordance 
with  I1IL-E-8593A,  Table  X 


• The  combined  CO  and  11C  exhauBt  emissions  will  be 
sufficiently  low  to  meet  the  previously  noted  com- 
bustion efficiency  goals  at  100-  and  5-percent 
rated  power.  The  NO  LTO  emissions  level  will 

be  at  or  below  the  1979  E^A  NO  standards.  The 
maximum  smoke  number  will  be  below  the  threshold 
of  the  exhaust  plume  visibility 

e Acceptable  component  temperature  levelB  and  gradients 
to  ensure  long  combustion  system  life  and  reliability. 

• Reasonable  cost  and  weight 
C.  Summary. 

The  following  six  computer  nodes  were  developed  and  refined 
during  Task  1 of  the  program i 

• Annulus-flow  model 

• 3-D  combuB tor-performance  model 

• Liner-cooling  model 

• Transition-liner  mixing  model 

• Gaseous-emissions  model 

• Fuel-insertion  model 


;■ 
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A one-dimensional  annulus-flow  model  is  used  to  calculate  •! 

the  pressure  losses  and  airflow  distribution  around  the  combus-  f) 

tor  liner.  Information  provided  by  this  model  on  the  jet  velo- 
cities and  efflux  angles  for  the  various  orifices  around  the 
combustor  liner  is  used  for  specifying  the  boundary  conditions  , 

required  by  combustor  internal  flow  programs. 

The  internal  flow-field  characteristics,  including  combus-  j 

tion  efficiency,  exhaust-temperature  quality,  and  lean  blowout  can  t 

be  predicted  by  a 3-D  recirculating  (elliptic)  reacting  program.  j 

The  program  is  based  upon  a computer  code  procured  from  j 

Professor  D.  B,  Spalding,  and  uses  a variant  of  the  numerical  j 

scheme  described  in  Reference  1.  The  program  is  used  to  l 

analytically  assess  the  effect  of  detail  design  changes  on  com-  \ 

bustor  performance.  1 


j 


An  accurate  prediction  of  the  practical  cooling-band  per-  j 

forraance  and  attendant  liner-temperature  1<  vels  and  gradient  is  j 

essential  for  estimating  liner  life,  a 2-D  parabolic  program  t 

based  upon  the  efficient  numerics  of  Patankar  and  Spalding2  j 

is  used  for  analyzing  the  flow  region  adjacent  to  the  liner.  j 

Appropriate  initial,  edge,  and  boundary  conditions  are  supplied 
by  the  combustor  performance  model  and  the  annulus  flow  model. 

The  2-D  parabolic  program  is  also  used  to  predict  the  mixing 
rate  in  the  transition  liner  of  the  reverBe-flow  annular  com- 
bustors. 

A 2-D  parabolic  program  incorporating  a 16-step  kinetic 

* J 

scheme  was  developed  to  predict  gaseous  emissions.  The  fuel-  j 

insertion  model  provides  a rough  estimate  of  fuel-nozzle  system  \ 

.performance  in  a specified  combustor  flow  field.  j 

^Patankar,  S V. , "Numerical  Prediction  of  Three-Dimensional  ^ 

Flows,"  Studies  in  Convection*  Theory,  Measurement  and  ] 

Applications,  Volume  1 (B.E.  Launder) , Academic  Press  (1975)  \ 
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The  following  element  tests  were  conducted  to  furnish  data 
for  validating  the  analytical  models: 

• Sauter  mean  diameter  (SMD)  measurements  of  practical 
air-assist  airblast  nozzles  and  air-assist  pressure 
atomizers. 


• Film  effectiveness  of  a conventional  film-cooling 
scheme,  and  three  advanced  cooling  concepts  under 
simulated  combustor  environments. 

• Mixing  of  cold  transverse  jets  with  a confined  hot 
stream. 

• Can  combustor  mapping 

- Nonraacting  3-D  velocity  and  pressure 
measurement 

- internal  profiles  of  emissions  with  Jet-A 
and  natural  gas. 

- Radiation  measurements. 

• Transition  liner  mixing. 

A reasonably  good  agreement  was  achieved  between  measure- 
ments and  models  incorporating  a two-equation  turbulence  model, 
a two-step  kinetic  scheme,  and  a realistic  spray  combustion 
model . 


A description  of  combustor-design  procedures  is  presented 
in  Section  II.  A brief  description  of  the  six  combustor 

■5 

Fatankar,  S.V.,  and  D.B.  Spalding,  "Heat  and  Mass  Transfer  in 
Boundary  Layers,"  Intertext  Books  (1970). 
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analytical  models  is  given  in  Section  III  (see  Volume  III  for  a 
detail  description  of  the  models  and  associated  computer  codes) . 
Section  IV  presents  experimental  data  obtained  from  different 
element  tests.  Model  validation  is  presented  in  Section  V. 
Conclusions  of  the  present  study  and  some  thought  for  future 


II.  COMBUSTOR  DESIGN  PROCEDURES 


Design  considerations  for  a turho-propuloion  combustor  muat 
address  the  following  performance  and  operational  factors: 

• Combustion  efficiency 

• Lean  flame  stability  and  altitude  relight 

• Ground  idle/starting 

• Carbon  and  smoke  formation 

• Gaseous  emissions 

• Exhaust  temperature  quality  (radial  and  circumfer- 

ential profiles) 

• Liner-wall  temperature  and  permissible  wall- 
temperature  gradients 

Many  of  these  requirements  have  to  be  compromised  in  order  to 
achieve  acceptable  combustor  performance  over  the  entire  engine 
flight  envelope. 

Due  to  the  complexities  associated  with  the  combustion 
processes  and  flow  field  in  gas  turbine  combustors,  the  evolution 
of  combustor-design  technology  has  proceeded  along  two  distinct 
paths.  Practical  engineers  faced  with  hardware  problems  have 
developed  a number  of  design  correlations  and  empirical  design 
procedures,  such  as  presented  in  Section  I I. A,  On  the  other 
hand,  researchers  involved  in  studying  fundamental  aspects  of 
reactive  flows  have  developed  a number  of  analytical  models 
that  address  specific  phenomena. 


The  communication  gap  between  practical  combustion  engineers 
and  fundamental  researchers  is  quite  wide.  This  program  concen- 
trated on  bridging  that  yap,  and  making  available  to  the  gas 
turbine  engine  industry  a cost-effective  combustor  design  pro- 
cedure that  makes  use  of  "experience"  correlations  as  well  as 
combustor  analytical  models  based  on  well-tried,  successful, 
mathematical  models  of  turbulence,  chemiaal  kinetics,  spray 
combustion,  and  radiation.  A complete  set  of  advanced  analytical 
design  tools  has  been  put  together  to  address  and  analyze 
important  aspects  of  gas  turbine  combustion  phenomena,  as 
explained  in  Section  III. 

A typical  conventional  empirical  design  approach  is  out- 
lined in  Section  II. A.  The  coupling  of  an  empirical  approach 
with  combustor  analytical  models  is  explained  in  Section  II.B. 

The  use  of  new  design  techniques  has  been  rewarding  at  AiResearch 
in  the  design  and  development  testing  of  a number  of  advanced 
combustion  concepts.  It  is  hoped  that  with  continued  improve- 
ment in  understanding  of  reactive  flowB,  and  with  a judicious 
bland  of  hardware  and  modeling  experience,  the  empirical/ 
analytical  aombustor-design  procedure  will  beaome  universally 
applicable. 

A.  Empirical  Design  and  Development  Procedures. 

The  conventional  approach  to  the  design  and  development  of 
combustion  systems  for  gas  turbine  engines  involves  extensive 
use  of  empirical  correlations  derived  from  experimental  analysis, 
followed  by  a series  of  component-development  bests.  Through 
the  years,  a number  of  empirical  and  semi-empirical  correlations 
have  been  developed  by  engine  manufacturers  to  provide  guide- 
lines for  the  initial  design  of  a combustion  system,  and  to  pre- 
dict attainable  performance  on  the  basis  of  experience  trends. 


\ j 

The  empirical-design  approach  differs  from  company  to  com-  j ; 

pany , and  between  individuals  of  the  same  company.  Neverthe- 
less/ the  design  approach  must  give  consideration  to  numerous 
design  criteria  including  combustion  efficiency/  lean  flame 
stability,  altitude  relight,  ground  idle/starting,  carbon  and 
smoke  formation,  gaseous  emissions,  exhaust-temperature  quality, 
m combustor  pressure  drop,  and  liner  durability. 

High  combustion  efficiency,  over  the  entire  engine  operating 
/ range,  is  a prime  objective  in  turbo-propulsion  combustion  system 
design,  as  it  directly  affects  specific  fuel  consumption. 

Inefficiencies  in  the  combustion  process  can  be  explained  by 
using  detailed  flow  models,  such  as  the  3-D  Combustor-Performance 
Model  described  in  Section  XII.B.  However,  simple  semi -empirical 
correlations,  such  as  Lefebvre's  air-loading  parameter  or  its 
minor  modification,  shown  in  Figure  1,  are  quite  useful  for 
estimating  initial  combustor-size  requirements  for  a given 
application. 

Other  parameters  that  are  used  for  scaling  combustors  are 
heat-release  rate  and  reference  velocity  shown  in  Figure  2 
(from  Reference  3) . The  cross-sectional  dimension  aan  be 
established  consistent  with  experience  correlations  between 
reference  tlach  number  and  allowable  pressure  loss,  such  as 
typically  shown  in  Figure  3(a), 

The  required  dilution-zone  volume,  length,  and  channel 
height  can  be  estimated  by  using  simple  curves,  shown  in 
Figure  3(b).  In  this  curve,  the  general  trend  for  combustor 
pattern  factor  is  shown  to  be  an  inverse  function  of  the 
pressure-loss  factor  (AP/q^^)  and  the  dilution  zone  length- to- 
helght  ratio. 

Carlson,  N.G.,  "Development  of  High-Temperature  Subsystem 
Technology  to  a Technology  Readiness  Statei  Phase  I 
Topical  Report,  Preliminary  Combustor  Design,"  Technical 
Report  FE-2292-11,  November  1977,  Work  Performed  Under 
Contract  No.  EX-76-C-01-2292. 
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SPACE  HEATING  RATE  - J/SEC 


LINE3  OF  CONSTANT 


Ifti  t 

DOME  HEIGHT  • CM 


Figure  2.  Relationahip  of  Space  Heating  Rate  to 
Annular  combuator  Size. 


The  liner  cooling-air  requirements  have  been  estimated  by 

3 

using  a variety  of  correlations,  as  presented  in  Figures  4(a) 

4 5 

and  4 (b)  , or  the  following  simple  expression  from  Reference  : 


Percent  Film  Cooling  ■ 0.1  T^  - 30  (+10  percent) 


The  selection  of  a fuel-injection  system  is  leas  rigorous 
aompared  to  combustor  geometrical  configuration  and  the  liner- 
cooling-air requirements.  Experience  indicates  that  in  addition 
to  air  or  fuel-loading  parameters,  the  fuel-injection  process  has 
a significant  effect  on  combustion  efficiency  (particularly  at 
low-power  points).  The  fuel«*injeation  system  also  affects 
exhaust-temperature  quality,  smoke  and  carbon  formation,  lean 
blowout,  and  fuel  impingement  on  the  liner  wall  with  attendant 
liner  hot  spots.  Turbo-propulsion  combustors  have  employed  a 
variety  of  fuel-injection  systems  in  regard  to  nozzle  configura- 
tions (pressure  atomizers,  including  simplex/duplex  or  airblast) , 
mode  of  insertion  into  the  liner  (axial  versus  radial/tangential) , 
axial  location  from  the  dome  and  orientation  relative  to  the 
recirculation  zone,  and  fuel-nozzle  characteristics  such  as 
droplet  size  and  cone  angle.  So  numerous  are  the  possible  com- 
binations that  the  successful  development  of  a realistic  semi- 
empirical  correlation  involving  aero/fuel-nozzle  interaction  is 
a remote  possibility. 


Once  the  initial  combustor  configuration  is  established, 
the  subsequent  design  and  development  approach  is  varied.  Some 
engineers  prefer  performing  calculations  by  using  a number  of 
simple  oomputer  programs.  The  following  paragraphs  give  a 

Wood,  H.  P.,  and  X.  M.  Johansen,  HAdvanced,  Small,  High- 
Temperature-Rise  Combustor  Program?  Volume  XX  Design  and 
Tost  of  Pull-Soale  Combustion  System,"  AiResearch  Manufacturing 
Co.,  U'SAAMRDLTR-74-3B,  Eustis  Directorate,  U.S.  Army  Air 
Mobility  R&D  Laboratory,  Fort  Eustis,  Va.,  AD776978, 

February  1974. 

5Odgers,  J.,  "Combustion  Modeling  Within  Gas  Turbine  Engines," 
AIAA  Paper  No.  77-52. 
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Figure  4.  Typical  Experience  Curves  for  Liner  Cooling 
Flow  Requirement. 
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brief  description  of  the  use  of  simple  calculation  methods 
baaed  upon  the  computer  codes  documented  in  Reference  6. 

A one-dimensional  annulus  flow  model  is  used  to  calculate 
the  pressure  losses  and  airflow  distribution  around  the  com- 
bustor liner.  The  analysis  includes  the  effects  of  area  change, 

| i 

heat  transfer,  friction,  drag  due  to  nozzle  shrouds  and  service 
t struts,  and  mass  addition.  The  model  calculates  the  flow- 

discharge  coefficients  and  efflux  angles  for  the  orifices  along 
l the  annulus. 


An  impinging- jet  reciraulation  model  predicts  the  effects 
of  multiple  three-dimensional  radial  jets  and  the  recirculation 
caused  with  the  impinging  jets.  The  control  volume  axis  for 
model  development  is  the  centerline  of  the  jet- impingement 
region.  The  flow  momentum  is  related  to  the  pressure  differen- 
tial that  results  from  jet  blockage  with  use  of  the  momentum 
balance.  Knowing  the  number  and  geometry  of  the  primary  ori- 
fices, and  assuming  that  the  primary-zone  exit  flow  experiences 
a sudden  expansion  loss  when  flowing  past  the  impinging  jets, 
the  moddl  aalaulatas  the  fraction  of  the  primary  orifice  flow 
rate  that  recirculates  upstream. 

A dilution  jet  trajectory  moc'-jl  is  used  to  predict  dilu- 
tion jet  trajectory,  mass  entrainment,  velocity,  temperature 
decay,  jet  spread,  and  profile  changes  after  jet  mixing. 


Fuel-spray  trajectory  models  are  used  for  predicting  spray 
characteristics  of  various  fuel  injectors.  Those  models  are  of 
considerable  benefit  in  the  selection  of  fuel  injectors  and  their 
optimum  location  in  a specified  combustor  internal  flow  field. 


£ 

Hunter,  S.C.,  K.  M.  Johansen,  H.  C.  Mongia,  and  M.  P.  Wood, 
"Advanced,  Small,  Ulgh-Temperature-Rise  Combustor  Program, 
Volume  1,  Analytical  Model  Derivation  and  Combustor-Element 
Rig  Tests  (Phases  1 and  II),"  AiReaearch  Manufacturing  Co., 
U8AAMRDL  TR74-3A,  Eustis  Directorate,  U.W.  Army  Air  Mobility 
R&D  Laboratory,  Fort  Eustis,  Va.,  AD  7707G6,  February  1974. 
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A one-dimensional  wall-cooling  model,  similar  to  Reference 
7,  is  used  for  calculating  the  liner-wall  temperature  lavelB. 
The  analysis  includes  flame  radiation  to  the  wall,  convection 
on  both  sides  of  the  wall,  radiation  from  the  cold  side  of  the 
wall  to  the  plenum,  and  film-cooling  effectiveness.  The  heat- 
conduction  loss  through  a single  or  multiple  material  thickness 
is  also  included. 

With  the  help  of  the  above  models,  it  is  possible  to 
identify  potential  problem  areas  with  the  preliminary  combustor 
configurations.  The  designs  are  modified  as  required.  Detail 
drawings  are  prepared,  parts  fabricated,  and  component- 
development  testing  initiated.  During  these  tests  it  is  impor- 
tant to  relate  experimental  results  hack  to  the  empirical 
parameters  that  were  used  for  preliminary  design.  A systematic 
means  of  collecting  the  relevant  data  for  correlation  purposes 
and  future  reference  is  highly  desirable. 


An  empirical  approach,  as  delineated  above,  has  worked 
reasonably  well  with  aombustor  configurations  that  have  evolved 
from  well-proven  concepts.  The  design/development  time  duration 
and  cost  can  vary  enormously,  depending  upon  the  target  goals. 
With  increasingly  stringent  levels  of  design  requirements,  the 
inadequacy  of  simple  one-dime.-1  uional  calculation  procedures  is 
quite  obvious.  Consequently,  thv_  interpretation  of  the  experi- 
mental data  becomes  more  qualitative  in  nature,  with  a resultant 
increase  in  development  time  and  coat. 


Empiriaal/Analytical  Design  Procedure. 


" "m. 


A more  cost-effective  design  procedure  can  be  developed 
if  the  experimental  results  are  properly  evaluated.  Not  only 

does  it  help  in  planning  a correct  approach  for  the  component 

— ' 

#4*11*1,  D.  R.,  and  A.  II.  Lefebvre,  "A  Proposed  Method  for 
fif'CtlOUlating  Film  Cooled  Wall  Temperatures  in  Gas  Turbine 
MCoibttStion  Chambers,"  ASME  Paper  72-WA/IIT-24. 
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rig  tests,  but  well-scrutinized  experimental  data  iB  also  useful 
for  further  improving  empirical  correlations  and  for  future 
reference.  The  empirical/analytical  design  procedure  is  a first 
milepost  along  the  path  of  establishing  the  combustor  design  and 
development  as  a scientific  approach,  rather  than  the  "cut  and 
try”  approaah  that  has  been  used  for  so  long.  The  approach  does 
not  minimize  the  importance  of  the  empirical  data  base.  On  the 
contrary,  it  (with  the  help  of  advanaed  combustor  analytical 
models)  improves  our  fundamental  understanding  of  the  various 
physico-chemical  process  occurring  in  gas  turbine  combustors. 

The  choice  as  to  which  analytical  models  should  be  used  is  very 
critical,  as  it  will  directly  affect  the  level  of  auacess 
achieved. 


i * 
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Duo  to  the  complexities  associated  with  the  combustion 
process  and  flow  field  in  gas  turbine  combustors,  the  development 
of,  combustor  analytical  models  has  proceeded  along  two  distinct 
paths  t 

• Simplified  or  detailed  reaction  mechanisms  with 
simplified  flow  models,  and 

• Detailed  flow  models  with  simplified  or  detailed 
reaction  mechanisms. 


A majority  of  combustor  analytical  models  have  utilized 


idealized  flow  models  comprised  of  woll-stirred  or  partially- 
stirred  reactorB  and  plug  flow  models.  Both  simple  and  complex 
kinetic  schemes  have  been  used  for  predicting  fuol/air  reaction 
rates.  These  models  have  been  quite  uuuful  for  data  interpre- 
tation, but  their  application  as  combustor  analytical  design 
tools  is  quite  limited.  Tne  model  limitations0  are  associa- 
ted with  the  inability  to  accurately  predict  the  effect  of  com- 
bustor geometrical  details  on  residence  time  and  fuel/air  ratio 


distribution. 

0 ' -■■■'ii 

Moaier,  S.  A.,  and  R.  Roberts,  "Low-Power  Turbopropulsion 
Combustor  Exhaust  Emissions,  Volume  3,  Analysis," 
Technical  Report  AFAPL-TR-73-36 , 1974, 
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The  development  of  detailed  flow  models  has  been  slow  due 
to  a number  of  reasons  including  numerics,  incomplete  under- 
standing in  regard  to  turbulence,  chemical  kinetics,  spray  com- 
bustion, and  radiation.  As  progress  is  made  in  these  areas,  the 
flow  models  that  numerically  integrate  the  2-D  or  3-D  field 
equations  will  become  more  popular.  This  approach  provides  the 
ultimate  prospects  of  analyzing  the  effect  of  detail  design 
changes  on  combustor  performance,  and  eventual  quantitative 
interpretation  of  experimental  data  with  resultant  improvement 
in  empirical  correlations. 

The  performance  of  a combustor  is  determined  by  itB 
internal  flow-field  characteristics,  which  are  influenced 
strongly  by  a number  of  variables.  These  includes 

• Primary-zone  volume  and  equivalence  ratio 

• Level  and  scale  of  mixedness 

• Fuel-nozzle  spray  characteristics  and  orientation 
with  reBpect  to  the  recirculation  zone 

• Combustor-inlet  pressure  and  temperature,  and 
temperature  rise 

• Combustor  residence  time 

For  correlating  and  interpreting  combustor  data,  analytical 
models  are  expected  to  give  quantitative  predictions  (from  an 
engineering  point-o£-view)  of  the  following  parameters: 

• Combustion  efficiency,  especially  at  low  power 
conditions 

• Exhaust-temperature  quality 
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Liner-wall  temperature  levels  and  gradients, 
including  hot  spots 


Gaseous  emissions 


• Fuel-nozzle  performance 

• Liner  pressure  drop  and  airflow  distribution 

A number  of  questions  must  be  resolved  in  order  to  achieve 
a most  economical  engineering  tool  for  aombustor  design. 

These  concernt 
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• Mathematical  models  of  turbulenae,  chemical 
kinetics,  spray  combustion,  and  radiation 

• Numerical  scheme 

• Boundary  conditions 

These  have  been  discussed  in  detail  in  Volume  111,  Simple 
and  well-tried  mathematical  models  of  turbulence  and  its  effect 
on  combustion,  spray  combustion,  chemical  kinetias,  and  radiation 
were  employed.  The  models  used  are  a two-equation  turbulenae 
model,  a two-step  kinetic  scheme,  and  a six-flux  radiation  model, 
as  described  in  Section  II  of  Volume  III.  The  numerical  schemes 
in  the  elliptic  and  parabolic  programs  are  variants  of  the 
numerics  described  in  References  1 and  2.  Further  details  on 
the  numerics  and  boundary  conditions  are  given  in  Sections  III 
and  IV  of  Volume  III. 

Due  to  computer-memory  limitations  and  extended  computation 
times  with  a fully  elliptic  numerical  scheme,  all  of  the 
combustor-performance  parameters  cannot  be  economically  prodicted 
by  a single  computer  code.  Consequently,  a multi-level  analysis 
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approach  has  been  developed,  as  presented  in  the  empirical/ 
analytical  combustor-design  procedure  logic  chart  of  Figure  i>. 

A brief  description  of  the  following  six  analytical  models  is 
given  in  Section  III. 

• Annulus- flow  model 

i 

• 3-D  combustor-flow  model 

• Transition-mixing  model 

• Wall-cooling  model 

• Emission  model 

! 

I 

1 

I • Fuel-insertion  model 

I 

i 

The  manner  in  which  the  empirical-deBign  approach  is  inte- 

| grated  with  analytical  models  is  described  in  the  following 

j paragraphs . 

After  a new  engine  envelope,  associated  component  con- 
straints, and  the  engine  fuel  schedule  have  been  defined,  a 
preliminary  combustor  sizing  is  executed  by  utilizing  various 
"experience"  correlations.  Simplified  one-dimensional  modelB, 
such  as  described  in  Section  II. A,  are  then  used  to  define  a 
preliminary  combustor  design.  With  the  help  of  these  simple 
and  economical  calculations,  it  is  relatively  easy  to  study  a 
number  of  different  design  concepts  to  arrive  at  the  most 
promising  configuration. 

1 Further  improvement  in  the  baBio  design  is  undertaken  by 

using  the  advanced  analytical  models  shown  in  Figure  5.  The 
necessity  of  using  this  approach  becomes  more  apparent  if  the 
new  engine  envelope  forces  the  consideration  of  combustor  con- 

I 

j cepts  that  lie  outside  the  designer’s  experience  and/or 
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empirical  correlations.  The  models  can  be  used  to  parametrically 
study  the  effects  of  detail  design  changes  on  combustor  per- 
formance. A number  of  combustor  modifications  may  have  to  be 
run  before  arriving  at  an  acceptable  engineering  compromise. 

The  computer-iteration  process  might  involve  many  man-weeks  of 
effort,  with  attendant  computer  cost. 

A relative  comparison  has  to  be  made  between  computer  cost 
and  hardware  test  expenditure.  It  is  not  expected  that  analy- 
tical experience  alone  can  shorten  the  combustor-development  t 

time.  It  is  a judicious  blend  of  analytical  model  prediotionB 
and  development  experience  that  would  significantly  reduce  the 
time  and  cost.  As  technical  advanaea  are  made  in  computer 
i technology,  numerical  fluid  mechanics,  and  physical  understand- 

ing of  various  combustion  phenomena,  the  extent  to  which 
! personal  judgement  is  required  will  be  minimized.  In  addition, 

\ with  the  application  of  the  new  design  technique  to  a variety  of 

I combustor  configurations  and  back-correlating  with  relevant 

| data,  it  is  hoped  that  the  technique  will  become  more  useful  and 

If 

f cost-effective  as  a design  tool. 


III.  ANALYTICAL  MODELS  DESCRIPTION 


A brief  description  of  the  six  analytical  models  is  pre- 
sented below.  For  a more  detailed  description,  see  Volume  III. 

A.  Annulus  Flow  Model. 

The  annulus  flow  model  is  used  to  calculate  pressure  losses 
and  airflow  distribution  within  the  annulus  external  to  the 
combustor  liner. 


Annulus  losses  and  flow  distribution  are  computed  from  the 

A 

generalized  inf luence-coof f icient  method  given  by  Shapiro. 

This  method  leads  to  the  following  equation  for  Iobb  in  total 
pressure  for  a small  finite-length  of  duott 


KM2 

T" 


dTt 
5 — 


4fdx 


+ C. 


+ 2 (1-y) 


where:  * total  pressure 

M - average  Mach  number  in  element 
Tt  ■ total  temperature 
f - wall  friction  factor 
dx  « element  length 
D * duct  hydraulic  diameter 
CD  « drag  coefficient  of  inserted  bodies 
A^  « frontal  area  of  inserted  body 
A **  duct  area 

y « velocity  of  injected  maos/duct  velocity 
dW  - injected  mass  flow 
W « duct  mass  flow 

— 

Shapiro,  A.  H.,  "The  Dynamics  and  Thermodynamics  of 

Compressible  Fluid  Flow,"  The  Ronald  Press  Company  (1953). 
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The  Mach  number  is  obtained  from  a similar  influence  coeffi- 

q 

cient  equation  given  by  Shapiro.  The  above  analysis  includes 
the  effect  of  area  change,  heat  transfer,  friction,  drag,  and 
mass  addition. 

Swirl  effects  are  accounted  for  by  solving  the  previous 
equations  in  the  direction  of  actual  flow,  together  with  an 
equation  for  angular  momentum  with  friction  losses.  The  computer 
program  for  this  model  generates  a pictorial  representation  of 
the  combustor,  and  tabulates  the  flow  parameters  at  specified 
stations.  A typical  computer-output  plot  is  shown  in  Figure  6. 
The  program  can  calculate  pressure  drop  from  an  assigned  fixed- 
orifice  geometry,  or  can  size  orifices  for  a desired  pressure 
drop  and  an  assigned  flow  distribution. 

The  annulus-flow  model  calculates  boundary  conditions,  such 
as  flow  distribution  around  the  combustor  liner,  jet  velocity 
and  angle,  etc.,  which  are  required  by  the  combustor  internal- 
flow  models. 

B.  3-D  Combustor-Performance  Model. 

The  combustor  internal  flow-field  characteristics  are 
strongly  influenced  by  airflow  distribution  around  the  liner, 
jet  velocities  and  efflux  angles,  nozzle-spray  properties,  fuel/ 
air  ratio,  and  dwell  times  of  different  zones.  The  governing 
aero/thermo  equations  are  coupled  and  nonlinear,  and  defy  analy- 
tical solutions  of  all  but  a few  academic  problems. 

A 3-D  combustor-performance  model  has  been  developed  based 
upon  a code  supplied  by  Professor  D.B.  Spalding.  The  model 
numerically  integrates  the  governing  equations  for  the  following 
variables t 
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Figure  6.  Typical  Computer 


Axial,  radial/  and  tangential  velocity  components 


• Turbulence  kinetic  energy  (k)  and  dissipation 
rate  (e) 

• Unburned  hydrocarbons  (c  H ) , co,  and  composite 

x y 

fuel-mass  fraction 
e Stagnation  enthalpy 

• Radiation  vectors  along  X/  Y,  and  Z directions 

e Spray  droplet  siae  and  distribution 

The  two-equation  turbulence  model/  requiring  solution  of  k 
and  e,  is  moderately  complex/  and  is  considered  to  he  superior 
to  other  models  having  a similar  or  lesser  degree  of  complexity. 
This  model  has  been  extensively  used  by  many  researchers/  and 
has  proved  to  be  adequate  in  a wide  range  of  flow  conditions/ 
including  the  complex  combustor  flow-field  mapped  in  this  program 
and  described  in  Sections  IV  and  V.  More  advanced  turbulence 
modelH/  such  as  those  based  upon  the  Reynolds  Btress-modeling 
approach,  are  not  yet  sufficiently  developed  to  warrant  their 
use  in  aomplex  oombustor  flow-field  problems. 

The  aombustion  rate  is  oomputed  via  a two-step  kinetic 
scheme  wherein « 

Cx  Hy  + (f  -1  S)  <°2  + n "21  *f  * co  + 5 h2°  + (i  + $)"  N2 
x CO  + j (02  + n N2)  HCQ  x C02  + J n Nj 

The  effective  reaction  rate  (Rf)  for  fuel  oxidation  is  com- 
puted from  the  minimum  of  the  reaction  rate  controlled  by  chemi- 
cal kinetics,  fuel-mixing  rate,  or  oxygen-mixing  rate.  Simi- 
larly, denotes  the  minimum  of  the  reaction  rates  of  CO 


combustion  sb  controlled  by  chemical  kinetics,  mixing  rate  of  CO 
and/or  oxygen.  Such  a scheme  has  given  good  correlation  with 
measured  internal-species  profiles  from  a number  of  combustion 
systems. 

The  3-D  combustor-performance  model  was  validated  with 
experimental  data  ont 

e Mixing  of  cold  transverse  jets  with  a confined 

hot  stream 

e Can  combustor  mapping 

- Nonreacting  3-D  velocity  and  pressure 
measurement 

- Internal  profiles  of  emissions  with  natural 
gas  and  Jet-A 

- Radiation  aasurements. 

C . Wall-Cooling  Model. 

An  accurate  assessment  of  the  .liner  wall-temperature  levels 
and  gradients  is  very  important  as  it  direotly  affects  the  liner 
life.  If  a wall-cooling  model  underpredicts  liner  temperature 
by  56  K,  the  liner  life  will  be  reduced  by  approximately  40  per- 
cent, as  reported  by  Sturgess.10  Conventional,  one-dimensional, 
wall-cooling  models  are  inadequate  for  predicting  liner-wall 
temperatures  of  current- technology  combustors10.  A full  3-D 
elliptic  solution  for  predicting  liner-wall  temperature  is 
desirable,  but  is  not  economical  due  to  the  extended  computer 
time  required  to  get  a sufficient  number  of  nodes  near  the 
wall  for  achieving  a grid-independent  solution. 

■ 'it'  I — Wilis  ■■  III  —II 

°5turgass,  Q.  J. , "Gas  Turbine  Combustor  Liner  Durability- 
Tha  Hot-Streak  Problem,"  Project  Squid  (ONR)  Workshop  on 
Gas  Turbine  Combustor  Design  Problems,  1978. 
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Since  the  velocity  vectors  near  the  wall  are  predominantly 
in  the  name  direction  as  the  main  flow,  a parabolic  solution  pro- 
cedure can  be  efficiently  used  to  compute  liner-wall  tempera- 
tures. A 2-D  parabolic  program  was  developed  for  this  purpose. 

The  program  solves  for  axial  velocity,  swirl  velocity,  turbulence, 
kinetic  energy  and  dissipation,  a two-step  kinetic  scheme, 
spray  combustion,  a two-flux  radiation  model,  and  stagnation 
enthalpy.  The  model  useo  a two-equation  turbulence  model  of 
Launder  and  Jones. ^ The  numerical  scheme  is  based  upon 
Reference  2. 

The  appropriate  initial/boundary  and  edge  conditions  are 
supplied  by  the  3-D  combustor-performance  model  and  the  annulus- 
loss  model,  as  described  in  Volume  III.  This  program  is  quite 
flexible  in  that  single  or  multiple  cooling  bands,  both  in  the 
primary  and  secondary  zones,  can  be  analyzed.  It  is  possible  to 
handle. both  annular  and  can  geometries. 

D . Transition-Mixing  Model . 

A reverse- flow  annular  combustor,  for  a turbine  engine  that 
employs  a centrifugal  compressor  as  its  last  stage  of  compression 
and  axial  turbine  for  its  high-pressure  spool,  has  a reverse-flow 
transition  liner.  The  flow  in  practical  transition  liners 
usually  does  not  have  a negative  streamwisu  velocity  component. 
Significant  jet  mixing  has  taken  place  in  the  straight  section 
upstream  of  the  transition  liner.  However,  the  mixing  in  the 
region  of  the  transition  liner,  where  flow  changes  from  axial  to 
radial  and  fully  completes  a 180-degree  band,  must  be  computed 
to  prodiat  the  pattern  faator  of  a reverse-rflow  combustor  that 
feeds  and  axial  turbine. 

Jones,  W.  P.,  and  Q.  E.  Launder,  "The  Calculation  of 
Low- Reynolds  Number  Phenomena  with  a Two-Equation  Modol 
of  Turbulence,"  ASME  Paper  72-HT-20. 
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The  geometry  of  practical  transition  liners  is  too  complex 
to  make  efficient  use  of  tho  3-D  combustor-performance  code. 

If  the  flow  variations  within  the  transition  liner  along  the 
circumferential  direction  arc  small  and  can  be  neglected,  a 2-D 
parabolic  program  can  be  used  to  predict  mixing  rates  along 
different  Z-r  planes,  where  Z is  the  streamwise  coordinate. 

A.  2-D  parabolic  program  was  therefore  developed  using  numerics 
and  mathematical  models  similar  to  those  of  the  wall-cooling 
model  described  in  Section  III.C.  It  should  be  noted  that  for 
nonrecirculating  flows  in  axisymmetric  geometries  with  stream- 
line curvature,  the  elliptic  effects  of  pressure  along  the  Z 
direction  must  be  taken  into  account.  However,  this  was  not 
incorporated  in  the  model  as  it  was  beyond  the  scope  of  this 
program;  the  cross-stream  variation  in  pressure,  due  to  stream- 
line curvatures,  w as  taken  into  account. 

E.  2~D  Emissions  Model. 

With  the  emergence  of  public  conaern  for  air  pollution,  an 
increased  emphasis  has  been  made  by  industry,  including 
AiReuearch,  to  improve  the  fundamental  understanding  of  various 
processes  leading  to  the  formation  of  harmful  pollutants. 

Numerous  detailed  kinetic  schemes  have  appeared  in  the  literature 
for  predicting  HC,  CO,  and  NO  , In  addition,  different  teah- 
niques  have  been  put  forward  to  compute  gaseous  emissions  from 
gas  turbine  engines,  such  as  References  0 and  12.  Most  of  these 
calculation  procedures  use  either  a simplified  flow-field 
model8  or  estimate  "exchange  coefficients"  from  some  detailed 
flow-field  computations  based  upon  Bimple  kinetic  schemes. 
However,  some  work  has  been  reported  in  parabolic  flow  computa- 
tion with  detailed  kinetics,  such  as  Reference  13. 

T5 

Sanborn,  J,  W. , R.  S.  Reynolds,  and  H.  C.  Mongia,  "A  Quasi- 
Throe-Dimensional  Calculation  Procedure  for  Predicting  the 
Performance  and  Gaseous  Emissions  of  Gas  Turbine  Combustors," 
AIAA  Paper  No.  76-682. 

13 

Edolman,  R. , J,  Boccio,  and  G.  Weilerstein,  "The  Role  of 
Mixing  and  Kinetic*  in  Combustion  Generated  NOx,"  Paper 

? resented  at  Aiche  Symposium  on  Control  of  NOx  Emissions 
n Direct  Combustion  Power  Sources,  1973, 


A 2-D  parabolic  program  with  a 16-step  kinetic  scheme  was 
developed  based  upon  modi£ied  Patanker-Spalding  numerics.  The 
modification  was  made  in  regard  to  computing  chemical-species 
source  terms  for  a coupled-Bet  of  equations.  This  resulted  in 
a significant  reduction  in  computation  time.  Other  important 
features  of  this  model  arei 

e Effect  of  turbulence  in  combustion , as  explained 
in  Volume  ill. 

• Spray  combustion  of  complex  fuel,  such  as 
JP-4  and  JP-5 . 

e A two- flux  radiation  model. 

F.  Fuel-Insertion  Model. 

Small,  high-pressure-ratio  and  high-temperature-rise 
reverse-flow  combustors  pose  a major  problem  with  respect  to 
the  selection  of  an  optimum  fuel-injection  system.  A major 
part  of  the  problem  is  created  by  excessive  or  uncontrolled 
impingement  of  fuel  on  the  combustor  wall.  To  minimize  fuel 
impingement,  it  is  of  paramount  importance  to  attain  an  optimum 
matching  between  fuel-nozzle  characteristics  and  combustor 
internal-flow  field.  It  may  be  recalled  that  the  3-D  combustor- 
performance  model  considers  spray  evaporation/combustion  of 
complex  fuels,  suoh  as  JP-4  and  JP-5.  Consequently,  the  program 
can  be  used  for  defining  an  optimum  fuel-injection  system,  as 
reported  in  Section  111  of  Volume  IX. 

A fuel-insertion  model  was  developed  to  save  computer  time 
and  facilitate  a quick  selection  of  an  injection  system.  This 
program  computes  Sauter  mean  diameter  (SMD)  of  the  pressure 
atomizer  (simplex  or  duplex),  air-assist  pressure  atomizer, 
and  airblast  and  air-assist  alrblast  nozzles.  The  droplet 
heat-up,  evaporation,  and  combustion  are  calculated  based  on 
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the  Priam  end  Heidman  model  modified  to  take  into  account 
variable  properties  of  the  jet  fuels.  The  droplet  drag  ooeffi- 
cient  is  calculated  fromi 

cd  “ cd 

0 

where  is  the  drag  coefficient  of  a nonreaoting  sphere,  and 
B is  thesevaporation/burning  rate  constant. 

The  spray  is  initially  divided  into  five  droplet-size 
groups.  The  trajectory  of  each  of  the  droplet  sizes  is  computed 
for  uniform  flow  on  any  specified  flow  field.  Knowing  a aoin- 
bustor  internal-flow  field  (as  computed  by  the  3-D  oombustor- 
performanoe  model),  the  effect  of  spray-cone  angle,  SMD,  fuel- 
nozzle  pressure  drop,  fuel  physical  properties  on  the  spray  tra- 
jectory, and  amount  of  fuel  impingement  on  the  liner  wall  can  be 
easily  computed  with  the  fuel-insertion  model. 


ra 

Priem,  R.  J.,  and  M.  F.  Heidmann,  "Vaporization  of  Propellants 
in  Rocket  Engines,"  ARS  Journal,  Nov.  1959,  pp,  836-842. 
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IV.  ELEMENT  TESTS 


i 


A parallel  experimental  investigation  was  conducted  during 
Task  I to  verify  analytical  models  described  in  Section  III,  and 
to  identify  potential  problems  associated  with  small,  high- 
pressure-ratio,  high-temperature-rise  combustors.  Major  design 
problems  encountered  in  the  development  of  advanced  small  com- 
bustors are  generally  concerned  with  the  following  components 
and  performance  parameters; 


• Liner  cooling 

• Discharge-temperature  quality 

• Gaseous  emissions,  particularly  idle  combustion 

efficiency 

• Fuel  injection 

Element  tests  were  therefore  conducted  during  Task  I to 
afford  a significantly  improved  understanding  of  the  design  con- 
straints imposed  by  each  of  these. 


The  performance  of  conventional  and  advanced  cooling  con- 
cepts was  measured  under  a simulated  combustor  environment,  as 
summarized  in  Section  IV. A.  Experimental  data  on  the  mixing  of 
cold  transverse  jetB  with  the  hot-gas  stream  of  a can  combustor 
was  taken  (as  described  in  Section  IV. B)  to  better  understand  the 
mixing  characteristics  of  the  impinging  jets  in  qrder  to  mini- 
mize the  dilution-air  requirement.  The  internal  flow-field 
characteristics  of  a typical  Garrett/AiResearch  can  combustor 
were  measured  with  and  without  combrustlon,  as  summarized  in 
Sections  IV. C and  IV. D.  The  data  was  taken  with  both  gaseous 
and  liquid  fuels. 


A limited  amount  of  test  data  was  collected  on  the  radia- 
tion heat  loading  and  is  summariad  in  Section  XVE.  The  ignition 
characteristics  of  a piloted  airblast  Nozzle  and  an  air-assist 
airblast  nozzle  were  measured  and  are  summarized  in  Section  IV. F. 

Fuel-nozzle  characteristics , including  mean  droplet  size 
and  spray  cone,  strongly  influence  the  combustor  performance, 
such  as  idle  emissions,  light-off  and  blowout  characteristics, 
dome  and  liner  wall  carbon-formation  tendencies,  and  temperature 
levels  and  gradients.  A droplet-measurement  apparatus  was 
therefore  developed  under  this  program  and  described  in  Section 
IV. G.  The  Sauter  mean  diameters  of  an  air-assist  pressure 
atomizer  and  air-assist  airblast  nozzles  were  measured  and 
correlated.  The  mixing  rate  in  a typical  reverse-flow  combustor 
transition  liner  is  summarized  in  Section  IV. H, 

A.  Liner  Cooling. 

Liner  cooling  for  a combustor  matched  to  the  last  stage 
of  a centrifugal  compressor  and  an  axial  or  radial  turbine 
imposes  severe  limitations  on  the  design  of  low-airflow,  high- 
pressure,  high-temperature-rise  gas  generators.  The  cooling- 
air  requirement  for  a combustor  using  conventional  cooling-film, 
geometries  can  exceed  75  percent  of  the  engine  total  airflow 
rate  in  order  to  achieve  long  combus tor-life  objectives. 

Although  conventional  film-cooling  concepts  are  suitable 
for  low-pressure  ratio  combustors,  and  are  inexpensive  to  fabri- 
cate, their  disadvantages  and  limitations  provide  impetus  for 
evaluation  of  more  advanced  cooling  concepts.  Disadvantages  of 
conventional  film-cooling  concepts  include 

e Saw-tooth  wall  temperatures  resulting  from  pure 
film  cooling  without  attention  to  the  cold  side 
of  the  liner 
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Performance  that  is  strongly  region-dependent 


• Fair-to-poor  coolant-flow  control 

• Degradation  of  pattern  factor 

• Overcooling  at  low  power,  thus  quenching  the 
combustion  reactions  and  contributing  to  IlC  and 
CO  emissions. 

Quantitative  knowledge  about  many  frequently  used  film- 
cooling configurations  under  aombustor-operating  conditions  is 
limited  because  of  the  difficulty  encountered  in  obtaining 
detailed  and  reliable  data  with  known  coolant-flow  distribution. 

Most,  of  the  practical  cooling-slot  geometries,  Figure  7, 

generate  a 3-D  flow-field  downstream  of  the  lip.  The  moat 

significant  geometric  parameters  governing  the  film-cooling 

performance  are  metering-hole-area/slot  open  area  and  the 

£ 

relative  cover-plate  length  L/S  . It  was  experimentally 
observed  (for  the  low  temperature  difference  and  low  turbulence 
level)  that  design  correlations  derived  for  the  impingement 
film  configuration  also  apply  to  pinched  impingement  film  and 
wiggle-strip  geometries.  The  hole  atop  design  did  not  perform 
as  well  as  the  other  configurations. 

The  above  tests  were  conducted  at  approximately  ambient 
pressure  and  temperature.  The  effect  of  the  ratio  of  the  main 
(hot)  stream  to  the  cooling  stream  gas  temperatures  (or  the 
density  ratio)  significantly  affects  the  cooling-slot  perform- 
ance, This  was  reported  by  Burns  and  Stollery15,  and  shown 
typically  in  Figure  8.  Therefore,  the  performance  of  a 
15 

Burns,  W.  K.  and  J.  L.  Stollery,  ’’The  Influence  of  Foreign 
Gas  Injection  and  Slot  Geometry  on  Film  Cooling  Effective- 
ness," Int.  J.  Heat  and  Mass  Transfor,  Vol.  12,  pp.  935-951, 
1969. 
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Figure  8.  Effect  of  Density  Ratio,  p_/p»,  Lip  Geometry  and  Main 
Stream  Boundary  Layer  ThicJcness  on  Impermeable  Wall 
Effectiveness,  ^c,  as  Reported  by  Burns  and  Stollery*" 


58 


•1 


\ 


i 


\ 


% 


;V, 


practical  cooling-band  configuration  was  experimentally  measured 
under  simulated  combustor  temperature  environment  as  listed  in 
Table  1.  The  temperature  ratio  (density  ratio)  and  jet-to-hot- 
stream  velocity  ratio  were  varied  over  the  range  of  interest  in 
a typical  combustor  environment. 

The  test  rig  and  associated  instrumentation  is  described 
in  Seation  IV, A. 1.  The  description  and  data  for  the  four  cooling 
concepts  listed  in  Table  1 are  given  in  Section  iv.A.2  through 
IV. A. 5.  Finally,  a comparison  between  three  cooling  concepts 
(namely,  conventional  film,  conventional  film/extended  surface, 
and  impingement/film)  as  inferred  from  wall-temperature  levels 
and  gradients  determined  by  thermal-sensitive  paint  (Thermindex 
00-6),  is  given  in  Section  IV. A. 6. 

1.  Liner-Cooling  Test  Rig  and  Instrumentation 

A general  layout  of  the  test  rig  is  shown  in  Figure  9.  A 
slave  can  combustor  was  used  to  supply  a hot  airstream  for  the 
liner-cooling  or  jet-mixing  test  sections.  Different  test 
sections  can  be  flanged  to  the  combustor,  as  shown  in  the 
layout.  The  test-seation  plenum  was  made  compatible  with 
different  test-section  liners. 

The  cooling  and  annulus  airflow  rates  were  measured  at  the 
inlets,  shown  in  Figure  9.  The  air  for  the  test  sections 
enters  the  annulus  through  60  orifioes  of  7.2  mm  diameter, 
arranged  in  six  staggered  rows,  giving  approximately  a 5-percent 
pressure  drop  at  the  design  condition.  A settling  length  of 
approximately  20  cm  (9  times  the  annulus  hydraulic  diameter)  was 
provided  for  the  flow  to  settle  before  entering  orifioes  of  the 
conventional  film/convection  cooling  band.  Airflow  rates  at  the 
outlet  were  measured.  The  difference  between  the  measured  flow 
rates  at  the  inlet  and  outlet  constituted  tho  cooling  airflow 
rate.  Annulus  air  static  pressure  and  temperature  were  measured 
at  a plane  3.9  cm  upstream  from  the  cooling-slot  discharge  lip. 


..  , «.  t-.ii.  fcm-A1*.  U1.,  Ai,*.  • 
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TABLE  1.  LINER  COOLING  TEST  GEOMETRIES  AND 
PLOW  CONDITIONS. 


Cooling  Configurations 

- Conventional  Film/Convectiop  Cooling 

- conventional  Film/Extendad  Surface  Convection 
Cooling 

- Impingement/Film/Convection  Cooling 

- Coarae-Pore  Tranapiration/Convection  Cooling 


Range  of  Flow  Paramatara 

Combuator  Inlet  Preaaure 
Annulua  Air  Temperature 
Hot  stream  Velocity 
Hot  Stream  Temperature 
Coolant  Jet  Velocity 

Thot^Tann 


Annulua  Velocity 


2 

300 

35 

1100 

30 

2.2 

0.8 

20 


10  atm 

600X 

45  m/a 

1300X 

100  m/a 

4.3 

2.5 

45  m/a 


# 


'V 
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Annulus  air  temperatures  were  measured  by  two  rows  of  thermo- 
couples, Inline  and  In-between  the  orifices,  starting  1.91  mm 
(one  slot  height)  downstream  from  the  lip.  Each  row  consisted 
of  11  chrome/alumel  (CA)  thermocouples  of  1.02  mm  diameter. 

The  axial  locations  of  the  annulus  air  thermocouples,  as 
measured  from  the  cooling-slot  lip,  are  listed  in- Table  2. 

The  annulus  air  temperature  was  maintained  close  to  ambient 
so  as  to  minimise  the  heat  loss  to  the  surroundings. 

The  initial  internal  velocity  and  temperature  profiles  were 
measured  at  3.81  mm  downstream  from  the  lip.  Velocity  was 
calculated  by  taking  Pfc  traverses  and  using  a wall  static  tap. 

A Kiel  probe  was  used  for  measuring  the  Pt  profile.  Internal 
temperature  profiles  were  measured  by  a CA  thermocouple  rake, 
which  had  two  degrees  of  freedom  (along  the  axial  and  circum- 
ferential directions).  The  rake  was  mounted  on  a 2.54  cm  diam- 
eter water/air  cooled  shaft  operated  by  an  actuator  shown  in 
Figure  10.  This  actuator,  operated  by  a 24-volt  do  motor,  oan 
traverse  an  axial  distance  of  30.5  cm,  with  an  angular  sweep  of 
180  degrees. 

The  slave  combus tor-discharge  temperature  profile  was  quite 
acceptable,  with  a pattern  factor  of  0.08,  at  a combustor 
temperature  rise  of  1068K.  Figures  11  and  12  show  the  rig  setup 
in  the  aombustion  test  cell.  The  same  rig  was  modified  to 
conduct  other  element  toots  as  described  in  Seations  IV. B through 
IV. G. 


2.  Performance  of  Conventional  Film/Convection  Cooling  Scheme 

The  performance  of  a typical  cooling  film  band,  shown 

in  Figure  13,  was  measured  at  the  different  flow  conditions 

given  in  Table  2.  The  cooling  band  has  60  equally-spaced 

orificen  of  2.31  mm  diameter,  giving  a total  geometric  area  of 
2 

252  mm  . The  slot  height  is  1.91  mm,  and  the  corresponding 
slot  open  area-to-orifices  area  ratio  is  2.90.  The  orifice 


4 


TABLE  2,  AXIAL  LOCATION  OF  ANNULUS  AIR  AND 
WALL  THERMOCOUPLES. 


Station  No. 


Axial  Dittanoa, 

1.91 

5.72 

11.43 

17.15 
22.86 
28.58 
38.10 
47.63 

57.15 
66.68 
76.20 


' ' *»  ,n  *,  k.,  * 


figure  11.  Liner  Cooling/Impinging  Jete/Can  Combustor  Rig. 
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spacing,  based  upon  the  can  diameter  of  12.66  cm,  is  2.87  hole 
diameters.  The  cooling-band  lip  is  located  6.86  mm  downstream 
from  the  center  of  the  metering  orifices,  giving  an  axial  length 
of  3 diameters  for  the  impinging  jets  to  spread  before  exiting 
the  impingement  plate.  The  lip  thickness  is  0.53  times  the  slot 
height.  Twenty  two  CA  thermocouples  were  tack  welded  to  the 
liner  wall  and  covered  by  a nichrome  strip  to  minimize  convection 
heat  loss  from  the  junction.  The  thermocouples  were  placed 
inline  and  in-between  the  metering  orifices,  shown  in  Figure  13, 
covering  a total  distance  of  762  mm  downstream  from  the  lip,  or 
approximately  40  slot  heights.  Thus  wall- temperature  measure- 
ments were  made  for  the  region  of  interest  in  a typical  com- 
bustor liner. 

Table  3 tabulates  the  test  conditions  for  whioh  the 
liner  wall-temperature  measurements  were  made.  The  hot-stream 
flow  conditions  including  density  and  velocity  were  maintained 
relatively  constant,  as  shown  in  the  table.  The  test-section 
pressure  was  varied  independently,  thus  setting  pressure  drop 
across  the  cooling  orifices  from  0.01  to  5.08  percent  of  the 
test-section  pressure  (identified  here  as  annulus  pressure) . 

The  corresponding  jet  velocity  ratios  varied  from  0.86  to  2.37. 
The  annulus  air  velocity  was  kept  around  20  m/B.  The  parameters 
of  general  interest  are  listed  such  as  the  ratios  of  density, 
velocity,  mass  velocity,  and  momentum.  It  can  be  seen  that  the 
measurements  were  made  over  a wide  range  of  parameters  for  the 
density  ratio  normally  encountered  in  the  primary  zone  of  gas 
turbine  combustors. 


Figures  14  and  15  give  the  measured  wall  temperatures  along 
planes  inline  and  in-between  the  metering  holes  for  all  five  sets 
of  deta.  The  figures  also  show  the  fluctuations  in  wall- 
temperature  values,  as  obtained  over  more  than  10  scans  of 
internal-profile  measurements.  Table  4 presents  the  measured 
data  in  terms  of  "film  effectiveness"  defined  as: 
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TABLE  3.  TEST  CONDITIONS  FOR  CONVENTIONAL  FILM  COOLING. 


Set-1 

Set-2 

Hot  Stream 

Airflow,  kg/a 

1.412 

1.417 

Temperature!,  K 

1270 

1270 

pressure,  kPa 

974 

976 

Velocity,  m/s 

43.4 

43.5 

Cold  Stream 

Orifice  pressure  drop, 

0.81 

1.63 

* ann 

Cooling  Airflow,  kg/s 

0.0853 

0.1225 

Temperature,  K 

295 

293 

Annulus  Velocity,  m/s 

22.9 

22.0 

parameters 

PSLOT^PNOT 

4.30 

4.33 

vjet/°HOT 

tpU)HOT 

<PV  ^jet^0  ^ HOT 
nt^hot 

0.86 

3.69 

3.16 

1.22 

5.28 

6.43 

0.296 

0.420 

Set-3 

Set-4 

Set-5 

1.417 

1.411 

1.414 

1270 

1270 

1270 

976 

977 

976 

43.5 

43.3 

43.4 

2.63 

4.25 

5.88 

0.1562 

0.1998 

0.2368 

293 

295 

295 

21.4 

20.7 

20.1 

4.34 

4.31 

4.31 

1.55 

2.01 

2.37 

6.73 

8.65 

10.23 

10.45 

17.37 

24.28 

0.536 

0.693 

0.819 

WALL  TEMPERATURE 


WALL  TEMPERATURE 


0 SET  1 
A SET  2 
O SET  3 

• SET  4 

* SET  6 
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Figure  15,  Mea?  irad  Wall  Temperatures  of  Conventional 
Film  In  Between  Cooling  Orifices. 
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TABLE  4.  MEASURED  "FILM  EFFECTIVENESS"  OF  CONVEOTIONAI 
FILM  COOLI NG  SCHEME. 


Inlina  with  Cooling  Orifica 


Axial  piafc. 

Film  ECtaotivanaaa,  r\t 

x/s 

Sat  1 

Sat  2 

Sat  3 

Sat  4 

^atJE 

1.0 

0.968 

0.971 

0.974 

0.981 

0.987 

3.0 

0.965 

0.966 

0.968 

0.972 

0.976 

6.0 

0.935 

0.939 

0.944 

0.949 

0.953 

9.0 

0.924 

0.933 

0.940 

0.94B 

0.953 

12.0 

0.898 

0.916 

0.926 

0.937 

0.944 

15.0 

0.897 

0.918 

0.927 

0.939 

0.947 

20.0 

0.891 

0.915 

0.925 

0.937 

0.946 

25.0 

0.B96 

0.919 

0.928 

0.941 

0.950 

30.0 

0.873 

0.902 

0.914 

0.927 

0.937 

35.0 

0.871 

0.899 

0.912 

0.926 

0.936 

40.0 

0.861 

0.889 

0.905 

0.919 

0.930 

In-Batwaan  cooling  Orificaa 


Axial  Diat 


Film  Effaativanaaa,  r\g 


Sat  1 I Sat  2 I Sat  3 I sat  4 


Sat  $ 


.966  0.976  0.9B4  0.994  0.997 

. 958  0.965  0.974  0.904  0.9B7 

.935  0.946  0.957  0.967  0.967 

0.913  0.931  0.944  0.956  0.958 

0.917  0.938  0.951  0.962  0.964 

0.896  0.924  0.940  0.953  0.956 

0.884  0.918  0.934  0.950  0.953 

0.880  0.915  0.933  0.949  0.952 

0.867  0.904  0.924  0.941  0.945 

0.867  0.903  0.923  0.939  0.944 

0.873  0.907  0.926  0.941  0.944 
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It  was  observed  that  the  nF  variation  between  the  two 
0-planea  is  quite  small,  and  that  the  cooling  jets  had  picked 
up  heat  from  the  splash  plate  to  give  effectiveness  leas  than 
1.0  at  the  first  axial  station  (located  one  slot  downstream 
from  the  lip) . In  order  to  facilitate  a comparison  with 
other  researchers,  it  was  therefore  assumed  that  the  cooling-f ilm 
temperature  at  the  lip  exhaust  is  equal  to  the  wall  temperature 
at  | - 1.0. 


The  modified  film-effectiveness  data  for  the  plane  in  line 
with  the  orifice  is  presented  in  Figure  16.  The  annulus  air- 
temperature  rise  over  the  test-section  length  of  76  mm  was 
approximately  5K  for  Set-1,  and  approximately  0 for  Set-5, 
indicating  that  the  system  was  close  to  the  adiabatic  assumption. 
Nevertheless,  the  main  objective  of  the  liner-cooling  tests  was 
to  show  relative  comparison  between  the  various  cooling  schemes, 
followed  by  a can-combustor  demonstration  of  the  most  promising 
schemes,  as  summarised  in  Section  IV. A. F.  Consequently,  small 
errors  in  measured  film  effectiveness  due  to  nonadiabaoity  of 
the  system  was  not  considered  so  critical. 

The  measured  data  (Figure  16)  illustrates  the  effect  of 
slot-to-main  velocity  ratio  on  the  performance  of  the  conven- 
tional film-cooling  scheme.  The  film  effectiveness  for  the 
smallest  veloaity  ratio  of  0.296  decreases  to  0.09  at  40 
slot  distance  downstream  from  the  lip.  As  the  velocity  ratio 
increases,  the  film  effectiveness  improves,  giving  0.94  at  a 
veloaity  ratio  of  0.619.  Burns  and  Stollery  reported  only  a 
limited  amount  of  impervious  film-effectiveness  data  for  the 

i 

region  close  to  the  lip  (Figure  16)  for  a velocity  ratio  of 
unity.  Their  data  is  comparable  to  the  measurements  of  this 
program. 

Design  correlations  for  clean,  2-D  cooling  slots  in  low- 
turbulence  levels  and  low- temperature-difference  applications 
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Figure  16.  Film  Effectiveness  of  Conventional  Film  Cooling 

Scheme  and  Comparison  with  Burns  and  Stoliery  Data. 


are  well  established,  shown  in  Figure  17  (taken  from 
Goldstein^) . The  correlating  parameter  X/S  M has  not 

been  verified  for  the  region  less  than  2 due  to  the  lack  of  data. 
The  present  data  is  plotted  in  Figure  10,  indicating  the  applic- 
ability of  the  correlation  with  practical  cooling  geometries, 
with  typical  parameters  of  interest  to  a oombustion  engineer. 

3.  Performance  of  Impingement  Film/Convection -Cooling  Scheme 

An  impingement  film-cooling  scheme  is  a simple  extension 
of  a conventional  film-cooling  scheme  in  that  a longer  impinge- 
ment plate  is  used.  The  splash-plate  cooling  is  accomplished 
by  the  impinging  rows  of  jets.  Therefore,  the  temperature  of 
the  cooling  film  exiting  the  lip  is  generally  higher  than  that 
of  a conventional  cooling  film,  with  attendant  loss  in  the  film 
effectiveness  of  the  former  scheme.  The  objectives  of  the  test 
series  were  to  doaument  the  degradation  in  the  film  effectiveness 
downstream  from  the  lip,  compared  to  conventional  film,  and 
to  make  limited  wall-temperature  measurements  of  the  splash 
plate. 

A simple  impingement-film  configuration  v/as  selected,  as 
shown  in  Figure  19,  The  splash  plate  was  similar  to  that  of 
the  conventional  film  except  for  length.  The  lip  is  located 
22.1  mn  from  the  center  of  the  first  row  of  orifices,  com- 
pared to  6,46  mm  for  the  film-cooling  geometry.  It  has  three 
staggerod  orifice  rows,  as  shown,  consisting  of  a total  of  180 
holeB  of  1,24  mm,  with  circumferential  spacing  of  5.35  mm  hole 

diameters,  and  axial  spaaing  of  6.71  mm  diameters.  The  total 

2 

geometric  area  of  219  mm  is  alightly  less  than  that  of  the 

2 

film-aooling  band  252  mm  , The  slot-to-orif ice  area  ratio  is 
3.33  mm. 

....... 

Goldstein,  R.J.,  "Film  Cooling,"  Advances  in  Heat  Transfer 
V.  7 (1971). 
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Figure  17. 

Film  Cooling  Effectiveness  Measured 
in  Low  AT  and  Turbulence  Level 

Environment  * 

The  wall  temperatures  downstream  of  the  lip  were  measured 
by  22  CA  thermocouples,  similar  to  those  used  In  the  conven- 
tional film.  Five  thermocouples  of  0.5  mm  diameter  were 
welded  on  the  inside  of  the  splash  plate,  as  shown  in  Figure  19 
(numbered  23  through  27),  to  measure  wall  temperatures  directly 
'under  the  radial  jets,  and  at  two  axial  stations  in  between  the 
three  rows.  Data  on  wall  temperatures  was  taken  for  the  test 
oonditions  listed  in  Table  5.  Twelve  sets  of  data  were  taken 
with  the  alot-to-main  stream  velooity  ratios  varying  from  0.27 
to  0.90,  and  the  donsity  ratio  varying  from  1.8  to  4.3. 

Figure  20  shows  a typical  wall  temperature  of  the  splash 
plate  ao  a function  of  axial  distance  from  the  center  of  the 
first  row  of  orifices,  with  orifice  pressure  drop  and  density 
ratio  as  parameters.  The  wall-temperature  levels  follow  a saw- 
tooth profile,  and  there  is  a decrease  in  wall  temperatures 
with  an  increase  in  pressure  drop.  The  effectiveness  defined 
in  a manner  similar  to  film  effectiveness  is  comparable  to  the 
performance  of  a typical  cooling  slot  at  approximately  40  slot- 
heights  downstream  from  the  lip,  as  shown  in  Table  3.  The 
corresponding  performance  of  the  cooling  film  exiting  from  the 
slot  is  shown  in  Figure  21. 

As  shown  by  Figure  21  the  film  effectiveness  of  the 
impingement/film  configuration  in  the  region  downstream  from 
the  lip  is  lower  than  that  of  the  conventional  film  (Table  3). 
This  can  be  explained  partly  by  observing  that  the  film  tempera- 
ture at  the  lip  is  slightly  higher  with  the  impingement  aonfig" 
uration,  The  modified  film-effectiveness  variation  with  X/S 
is  shown  in  Figure  22  by  assuming  that  the  film  temperature  at 
the  lip  is  equal  to  wall  temperature  at  ^ - 1.0, 

The  performance  of  both  films  is  aomparable,  as  inferred 
from  Figures  16  and  22,  although  the  impingement/film  is  slightly 
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Figure  20.  Performance  of  Splash  Plate  of  the  Impingement/Film  Configuration. 
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inferior.  However,  a total  distance  of  9.83  cm  is  being  pro- 
tected by  the  impingement/film,  as  compared  to  8.31  can  with  the 
conventional  film  configuration — which  .in  turn  reduces  the  cool- 
ing air  requirement  per  unit  surface  area  by  approximately  15 
percent.  Another  advantage  of  the  impingement/film  configura- 
tion is  that  the  entrainment  of  the  cooler  film  air  by  the  main 
combustion  air  is  delayed  aB  compared  to  the  conventional  film, 
thus  minimizing  wall  quenching  with  attendant  improvement  in 
idle  efficiency. 

The  performance  of  the  scheme  for  density  ratios  equal  to 

1.82  and  2.65  at  low  liner-pressure  drop,  typical  of  AiResearch 

reverse-flow  annular  combustor b,  is  shown  in  Figure  23.  The 

film  effectiveness  is  significantly  lowered,  as  expected. 

Finally,  Figure  24  gives  a design-correlation  plot  for  the  film 

effectiveness  of  the  impingoment/f ilm  configuration  as  a func-* 

tion  of  the  film-correlating  parameter,  X/MS  t£s  Re„)0,25. 

*ilOT  b 

This  figure  can  be  compared  with  Figure  18  for  the  conventional 
film-cooling  band  performance.  For  obtaining  comparable 
performance  with  both  cooling  concepts,  approximately  3 percent 
more  cooling  air  would  b'e  required  with  the  impingement/film 
configuration.  Since  the  surface  area  covered  by  the  impingement/ 
film  band  was  15-percent  larger  than  the  conventional  film,  the 
net  reduction  in  the  cooling-air  requirement  would  be  approxi- 
mately 12  percent. 

4 . Performance  of  Conventional  Film/Extended  Surface  Convection 

Cooling  Scheme 


* 


l 


* 
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The  conventional  film  test  section  was  modified  to  install 
an  extended-surfaae  geometry,  as  shown  in  Figure  25.  The 
extended-surface  configuration  consisted  of  square  fins  of 
1.57  mm  height  and  width  machined  with  center-to-center  spacing 
of  5.08  mm,  or  3.24  times  the  fin  height.  The  fin  is  located 
4.11  cm  downstream  from  cooling  holes,  or  17.9  slot-heights 
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Figure  23.  Film  Ef faativeneaa  of  Impingement/Film  Cooling 
Scheme  with  Density  Ratio  as  Parameter. 
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downstream  from  the  lip  of  the  splash  plate.  Consequently,  this 
part  of  the  test  section  was  protected  by  the  cooling  film.  The 
presence  of  the  fins  increased  the  cold-side  heat  transfer. 

This  was  due  to  an  increase  in  the  turbulence  level  caused  by 
tripping  the  boundary  layer,  and  also  by  the  inorease  in  surface 
area  by  approximately  63  percent.  Consequently,  the  deteriora- 
tion in  the  film  effectiveness  beyond  17.9  slot-heights  ie  com- 
pensated by  the  enhanced  cold-side  heat-transfer  proaess. 

The  test  section  „wall-tcunperature  measurements  were  made 
for  different  orifice  pressure  drops  and  density  ratios,  as 
listed  in  Table  6.  Figure  26  shows  the  measured  film  effective- 
ness with  density  and  velocity  ratios  as  parameters.  The 
extended-surface  geometry  performance  at  SO  slots  downstream 
from  the  lip  was  comparable  to  that  of  the  conventional  film  at 

y 

£ - 40,' as  shown  in  Table  3.  Thie  means  that  the  oooling  air 
requirement  with  the  advanaed  scheme  is  reduced  by  approximately 
20  peroont. 

5.  Performance  of  Coarse-Pore  Transpiration  Cooling  Scheme. 

A coarse-pore  transpiration  oooling  scheme,  as  shown  in 

Figure  27,  was  experimentally  studied  at  the  test  conditions 

listed  in  Table  7.  The  geometry  consisted  of  eight  staggered 

rows  of  0.83~mm  diameter  orifices.  Bach  row  consists  of  60 

equally-spaced  holes  around  the  can  of  26.66  cm  diameter  giving 

centor-to-oenter  spacing  of  0 mm  hole  diameters.  Ths  axial 

spacing  of  the  rows  is  6.65  mm  or  0.01  mm  hole  diameters,  as 

shown  in  Figure  27.  The  total  geometrio  area  of  the  holba  is 
2 2 

257  mm  , as  compared  to  232  mm  of  the  conventional  film-oooling 
scheme . 

Thirty-two  fine  CA  thermocouples  of  0.51-mm  diameter 
were  tackwelded  as  shown  in  Figure  27.  The  thermocouples 
numbered  1 through  10  were  placed  in  line  with  one  of  the  orifices 
of  the  first  row,  whereas  numbers  23  through  32  lay  along  a line 
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Fig ura  26.  Performance  of  Film/Extended 

Surface  Convection  Cooling  Scheme 
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TABLE  7.  TEST  CONDITIONS  FOR  COARSE-PORE  TRANSPIRATION 
COOLING  SCHFME. 


Parameters 

Set-1 

Set-2 

Set- 3 

Set-4 

Set-5 

Set-6 

Hot  Streau 

Airflow,  kg/a 

1.414 

1.414 

1.415 

1.413 

1.417 

1.416 

Temperature,  K 

1270 

1270 

1270 

1270 

1270 

1270 

Praaaura,  kPa 

977 

977 

977 

977 

976 

976 

Velocity,  m/a 

43.4 

43.3 

43.4 

43.3 

43.5 

43.4 

Cold  Stream 

Praaaura  Drop,  t 

0.91 

1.93 

2.74 

4.66 

6.35 

9.07 

Cooling  Airflow,  kg/a 

0.0938 

0.1375 

0.1639 

0.2171 

0.2565 

0.3124 

Temperatura,  K 

293 

293 

295 

292 

289 

287 

Annulus  Valooity,  m/s 

22.5 

21.7 

21.4 

20.2 

19.4 

18.2 

Paramatara 

pslot/  phdt 

4.34 

4.33 

4.30 

4.35 

4.39 

4.42 

Vjet^HOT 

0.91 

1.33 

1.60 

2.10 

2.44 

2.96 

(pV!,jat/(pU>HOT 

(Pv2)jttt/<PUS)H0T 

3.93 

5.77 

6.87 

9.11 

10.74 

13.09 

3.57 

7.67 

10.97 

19.10 

26.25 

38.71 

“-V/Wnot 

0.0436 

0.0639 

0.0762 

0.101 

0.119 

1.145 

m"  • Cooling  flow  rata 
langth  of  4,66  cm 

baaad 

a 

upon  the 

teat  section 

I 

I 
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in  between  the  orifice* * Figure  20  shows  typical  wall  tempera- 
tures measured  along  lines  A and  B marked  cn  Figure  27.  There 
are  only  minor  differences  in  the  overall  performance  along  both 
lines.  Figure  29  shows  the  computed  film  effectiveness  versus 
X/d  along  line  A,  with  orifice-pressure  drop  as  a parameter. 

increased  with  ^ due  to  addition  of  cooling  air  from  different 
rows.  The  increase  in  np  continues  approximately  10  orifice 
diameters  beyond  the  last-,  row  of  holes , as  shown  in  Figure  29. 
However,  beyond  that,  :heto  is  exhibited  a decrease  in  np. 

Thdre  is  an  inarease  in  n»  with  increasing  AP  and  attendant 

VF 

blowing  parameter  (■ °n ) up  to  2.74  percent,  beyond  which 

pHot  uHot 

the  jets  overpenetrate  with  resulting  loss  in  np. 


17 

Recently  LeBrocq?  et  al.,  reported  their  experimental  data 
on  a coarse-pore  transpiration-cooling  geometry  comprised  of 
1.39  mm  diameter  orifices  drilled  in  a flat  plate  at  a 8 hole 
diameter  spaaing.  Figure  30  shows  typical  results  or  tne 
impervious  wall  effectiveness  as  a function  of  the  blowing 
parameter  (M)  with  density  ratio  as  a parameter,  with  freon 
(PB/poe  “ 4.23),  the  maximum  effectiveness  was  obtained  at 
M-0.0625,  as  compared  to  M"Q,0762  in  the  present  study.  The 
variation  of  nc  with  X is  also  given  in  Figure  30,  showing  an 
increase  in  nc  with  X,  similar  to  that  measured  in  the  present 
study. 


The  limited  amount  of  measured  data  on  the  coarse-pore 
tranupiration  configuration  indicated  that  the  scheme  is  quite 
suitable  with  a low-pressure  drop  combustion  system  up  to  a 
momentum  ratio  of  around  11.  However,  the  performance  is  quite 
inferior  compared  to  other  schemes  investigated.  Its  use 


T7 

LeDrocq,  P.V.,  B.E.  Launder,  and  C.H.  Priddin,  "Discrete  Hole 
Injection  as  a Means  of  Transpiration  Cooling;  An  Experimental 
Study,"  Proceeding  Instn.  Meah.  Engrs.,  1973. 
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Figure  30,  Film  Effectiveness  of  Coarse- 

Pore  Transpiration  Measured  by  BROCQ . 
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therefore,  should  be  limited  to  local  cooling  of  potential  hot 
spots,  such  as  behind  the  igniter  and  the  fuel-nozzle  grommets, 
or  where  geometrical  constraints  make  other  more  efficient 
cooling  concepts  less  desirable. 

6.  Relative  Comparison  of  Cooling  Schemes 

The  performance  of  the  four  cooling  schemes  was  investigated 
under  a nonreacting  flow  environment  with  the  temperature  ratio 
varying  over  the  range  of  interest  in  gas  turbine  combustors. 

The  results  have  been  presented  in  the  previous  four  sections. 
Figure  31  shows  a relative  uoraparison  of  the  four  cooling  schemes 
at  low- to-mode rate  pressure  drops  for  a 4.34  temperature  ratio, 
which  is  typically  encountered  in  the  combustor  primary  zone. 
Based  upon  the  measurements,  the. beat  cooling  scheme  appeared 
to  be  film/extended-surface  geometry.  The  second  best  was 
the  impingement  film  configuration.  Three  combustor  cans  were 
fabricated  to  compare  the  performance  of  the  following  schemes, 
deduced  from  the  temperature-sensitive  paint: 

• Conventional  film 

• Impingement/Film 


• Conventional  film/extended  surface  I 

i 

Figure  32  gives  wall- temperature  characteristics  and  a f 

description  of  the  important  geometric  details  of  a can  combustor 

that  employed  a conventional  cooling  band.  The  recirculation  1 

1 

zone  is  established  by  primary  jets  and  dome  louver  air  that  jj 

enters  the  combustor  with  90-degree  swirl  angle.  The  cooling- 
slot  height  is  approximately  2 mm.  The  lip  of  the  slot  extends 
6.4  mm  beyond  the  center  of  the  cooling  air  holes.  Cooling  air 
for  the  primary  and  intermediate  panels  meters  through  30  ori- 
fices of  4.4-  and  4.8-mm  diameter,  respectively,  with  the  corres- 
ponding circumferential  spacing  of  3 and  2.0  mm  hole  diameters.  ' 


Figure  31.  Comparison  of  the  Four  Cooling  Schemes  in 
Nonreacting  Flow  Fields. 
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This  insured  a relatively  uniform  film  exiting  the  lip.  The 
center-to-center  distances  for  the  first  and  second  cooling-film 
bands  are  7,14  and  8.22  cm,  respectively,  which  corresponds  to 
35  and  41  mm  slot  heights.  The  computed  cooling-airflow  rate 
for  both  the  primary  and  secondary  panels  was  0.58  g/s  cm  , 
which  corresponds  to  a typical  cooling  flow-rate  requirement  for 
a can  combustor  with  inlet  pressure  equal  to  10  atmospheres. 

A typical  temperature-sensitive  paint  run  of  the  can  combus- 
tor with  conventional  cooling  scheme  is  shown  in  Figure  32  for  a 
combustor  inlet  pressure  and  temperature  of  10  atmospheres  and 
622  K,  respectively.  The  maximum  wall-temperaturo  levels  of 
1172  K obtained  at  a combustor-exit  temperature  of  1422  K was 
considered  to  be  high  for  a long-life  combustor. 

The  combustor  was  modified  to  incorporate  an  extended 
surface  geometry,  as  shown  in  Figure  33.  Four  fins  of  1.57 
mm  height  and  1.57  mm  width  were  machined  starting  38.1  mm 
downstream  from  the  first  cooling  orifices.  The  centor- 
to-centor  spaaing  of  the  fins  was  5.1  mm.  Similarly,  10  fins 
were  machined  for  the  secondary  panel  as  shown.  Because  of  the 
fins,  the  surface  area  increased  locally  by  approximately  63 
percent  with  an  attendant  increase  in  local  heat-transfer  coeffi- 
cient. Consequently,  the  resultant  hot  spot  was  reduced  by 
approximately  470  K compared  to  the  conventional  film-ocaling 
configuration. 


1 

i 


Figure  34  shows  a typical  thermal  paint  run  on  a can 
combustor  that  used  an  impingement/film  cooling  configuration. 
A total  of  240  holes  of  1.57  mm  diameter  were  drilled,  as 
shown,  forming  a four-row  staggered  arrangement.  The  splash 
plate  with  2 mm  height  was  welded  with  the  lip  extending  6.4 
mm  beyond  the  last  row.  The  same  orifice  size  and  arrangement 
was  used  for  the  secondary  panel  also.  This  resulted  in 
approximately  a 15-percent  reduction  in  the  cooling-flow  rate 
for  the  secondary  panel,  compared  to  the  baseline  combustor 
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(Figure  31) . Hot  spots  of  the  impingement/film  configuration 
reduced  to  1089  K as  compared  to  1172  K obtained  with  the 
conventional  film  oan. 

E . Jet  Mixing 

In  advunoed,  high-temperature-rise , small  aoijtoustors,  a 
Small  fraction  of  the  combustor  air  is  available  for  dilution 
and  trimming  of  the  exhaust- temperature  profile.  Measurements 
wete  therefore  made  to  study  mixing  characteristics  of  impinging 
dilution  jets  in  a oan  teat  section  of  12.6  cm  diameter,  A 
slave  combustor  (shown  in  Figure  9),  supplied  the  air  for 
the  test  section  at  a relatively  constant  temperature  of  1200  K. 
The  dilution  jet  air  temperature  was  maintained  at  approximately 
300  K.  A number  of  orifice  arrangements  were  studied,  as  listed 
in  Table  8.  Internal-temperature  profiles  were  measured  by  a 
10-thermocouple  rake  whiah  had  2 degrees-of-freedom  along  longi- 
tudinal and  circumferential  directions. 


The  orifice  configurations  were  selected  to  allow  a rela- 
tively wide  range  of  circumferential  spacing  between  the  orifices. 
The  geometrical  spacing  to  the  orifice  diameter  ratio  was  varied 
from  8.3  to  20.3.  In  order  to  facilitate  a comparison  with  the 
data  of  Holdeman  and  Walker18  on  the  mixing  of  multiple  jatB  into 
a heated  arose  flow  in  rectangular  test  seotiona,  the  effective 
spacing  of  the  jet  was  defined  based  upon  the  Bame  equivalent 
cross-stream  flow  area  per  jet  in  a reatangular  test  section 
of  height  R,  where  R is  the  aan  radius)  i.e., 

.-SS* 


EFF 


n 


Realizing  that  the  circumferential  spacing  between  n 
orifices  on  a can  is  given  by  SflE0M  - 2mR/n,  SEFF  is  simply 
half  of  the  SGE0M. 


Iff 


Holdeman,  J.D.,  and  R.E.  Walker,  "An  Empirical  Model  for  the 
Mixing  of  a Row  of  Dilution  Jets  with  a Confined  Crossflow," 
AIAA  Paper  76-48. 
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TABLE  8.  MIXING  CHARACTERISTICS  OF  IMPINGING  JETS. 


IMPINGING  JET  CONFIGURATIONS  R/D  (S/D)mi- 

(jEUM  EFr 


2 Opposed  Plunged  Orifices 

of  9.8  mm 

6.5 

20,3 

10.15 

4 Opposed  Plunged  Orifices 

of  9.8  mm 

6.5 

10,15 

5.07 

6 Opposed  Orifices  of  8.0  mm 

7.9 

8.3 

4.14 

Single  Row 

Two  rows  Inline  Separated  by  AX  « 42,4  mm  ■ 5. 3D 
Two  rows  Staggered  Separated  by  AX  “ 42,4  mm  - 5, 3D 


RANGE  OF  FLOW  PARAMETERS 

- Preaaure  - 10  ATM 

- Orifice  Pressure  Drop  “1-10  Percent 

Thqt  a 1200K 

TANN  * 300K 

UH0T  s 40  M/S 

VJET  - 40  - 150  M/S 

(pi  vlf 

JET  MOMENTUM  RATIO  * - 4 - 60 

(PHOT  UHOT/2 
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The  six-orifice  configuration  gave  effective  spacing  of 
4.14D.  This  configuration  was  more  thoroughly  studied  by 
measuring  the  mixing  characteristics  of  Bingle  row  and  two  rows 
axially  separated  by  4.22  cm.  Both  inline  and  staggered  con- 
figurations were  investigated  and  a typical  commparison  1b 
shown  in  Figures  35  and  36.  The  hot  stream  and  initial  jet 
velocites  and  density,  as  listed  for  both  configurations,  were 
slightly  different,  with  the  resulting  jet  momentun  ratios  being 
13.5  and  11.1,  respectively,  for  the  staggered  and  inline  jets 
of  the  first  rows.  Ho  appreciable  difference  between  the  jets 
is  evident  in  the  region  upstream  of  the  second  row.  The 
measured  data  shows  the  splitting  of  the  core  of  the  jets  into 
two  separate  vortices  (regions  of  minimum  temperature)  at  3.53 
to  4.95  Dj  downstream  from  the  first  row  in  case  of  the  Btaggered 
configuration.  On  the  other  hand,  it  happens  between  2.40  and 
3.00  Dj  for  the  inline  rowa.  The  spreading  of  the  inline  jet 
appears  to  be  slightly  more  than  that  of  the  Btaggered  jet.  The 
mixing  characteristics  are  quite  different  for  both  geometries 
in  the  region  downstream  from  the  second  row,  as  shown  in  Figure 

V 

36,  which  is  loaated  at  ^ « 5.9.  The  jot  penetration  slightly 
downstream  from  the  second  row  is  relatively  more  with  the 
inline  configuration  due  in  part  to  the  low  pressure  region 
created  by  the  first  jet.  The  inline  jot  further  strengthens 
the  first  jet»  whereas  in  the  Btaggered  configuration  the  mixing 
region  is  established  in  the  region  previously  occupied  by  the 
first  jet.  The  spreading  of  the  jets  with  attendant  uniformity 
in  the  circumferential  direction  is  more  pronounced  with  the 
staggered  jetaj  however  an  increased  penetration  is  obtained 
with  the  inline  configuration  of  dilution  rows. 

The  measurements  for  different  jet  configurations  are  sum- 
marised in  Sections  IV.B.l  through  IV. B, 4. 
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Figure  35.  A Typical  Comparison  Between  Mixing  Characteristics 
of  In-Line  and  Staggered  Rows  of  Dilution  Jets 
Upstream  of  the  Second  Row  (Sheet  1 of  3) . 
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Figure  36,  A Typical  Comparison  Between  Mixing  Characteristics 
of  In-Line  and  Staggered  Rows  of  Dilution  Jets 
the  Region  Downstream  of  the  Second  Row  (Sheet  1 


1.  Mixing  Characteristics  of  Two  Opposing  Jets 


Mixing  characteristics  of  the  jets  emanating  from  two 
diametrically  opposed  plunged  orifices  were  studied  for  a 
range  of  pressure  drops  from  1.16-  to  12. 04-percent/  as  listed 
in  Table  9.  The  corresponding  mass-veloaity  ratio  varied  from 
4.53  to  15.28,  with  attendant  range  of  jet-momentum  ratio  from 
4.74  to  60.46. 


The  jet  penetration,  centerline  temperature,  and  the  jet 
half-widths,  reduced  from  the  data  in  line  with  the  center  of 
the  orifice,  are  shown  in  Figure  37.  Here  jet  penetration  is 
defined  as  radial  distance  of  the  jet  centerline  from  the  test- 
section  wall.  The  maximum  possible  jet  penetration  of  the 
opposing  jets  can  be  equal  to  the  can  radius  (R)  of  6; 33  cm. 

The  jet  half-width  is  defined  by  the  following  equation* 

n/4  D„2  - Ajl/2 


where  Ajjy2  is  the  jet  half-area  measured  at  an  axial  distance 
X downstream  from  the  dilution  orifice.  The  minimum  jet  tempera- 
ture T jQ  is  presented  by  the  normalized  temperature  0cO 
defined  as 


0 


CO 


T 

HOT 

*HOT 


where*  m In^tial  jot  temperature  at  X » 0. 


A number  of  empirical  correlations  have  been  proposed  by 

different  researchers  for  predicting  the  mixing  characteristics 

of  unbounded  jets.  However  only  a limited  number  of  inveBtiga- 

18 

tions  have  been  conducted  on  jets  in  a confined  stream  . An 
effort  was  therefore  made  to  correlate  the  present  data  with 
both  original  and  slightly  modified  relations  developed  by 
Holdeman  and  Walker.  The  modified  Uoldeman  corelations  over- 
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TABLE  9.  TEST  CONDITIONS  OP  TWO-OPPOSING  JETS 


Parameters 

Set-1 

Set-2 

Set-3 

Set-4 

Set-5 

Hot  Stream 

Airflow,  kg/s 

1.40 

1.37 

1.41 

1.40 

1.41 

Temperature,  K 

1247 

1268 

1221 

1184 

1113 

Pressure,  kPa 

978 

1016 

975 

977 

974 

Velocity,  m/s 

42.19 

40.50 

41.68 

40.03 

38.12 

Dilution  Jet 

Pressure  drop,  t 

1.16 

2.24 

5.16 

8.07 

12.04 

! Temperature,  K 

289 

290 

289 

288 

288 

Py  kg/m3 

11.74 

12.15 

11.70 

11.77 

11.73 

Vj,  m/s 

44.23 

61.92 

95.20 

120.7 

150.8 

j Parameters 

j <pvy(Pu>H0T 

4.53 

6.69 

9.65 

12.4 

15.28 

j (PV2);J/(PU2)hot 

4.74 

10.22 

22.04 

37.38 

60.46 

; ROj  x 10”5 

2.01 

2.91 

4.31 

5.49 

6.84 

i 


! 
j 

predicted  the  jet  penetration.  The  agreement  with  the  jet 
centerline  temperature  and  half  width  was  generally  poor. 

Development  of  a new  set  of  empirical  relations  was  considered 

1 ’j 

beyond  the  scope  of  the  present  program,  and  therefore  was  not  t 

pursued.  However,  an  extensive  comparison  between  the  3-D  model 
predictions  and  measurements  was  made  for  all  of  the  jet  mixing 
cases,  as  summarized  in  Saation  VB.  The  agreement  wsb  reasonably  f 1 
good . I 

2 . Mixing  Characteristics  of  Four  Opposing  Jets  | 

Internal  temperature  measurements  were  made  for  a four-  ! 

opposing  plunged  orifice  configuration  with  different  jot-to-  | 

cross-stream  momentum  ratios  as  listed  in  Table  10.  The  orifiae  1 

diameter  of  9.8  nun  was  equal  to  that  of  the  two-opposing  jet  * 

configuration  reported  in  the  previous  section.  ] 

The  reduced  data  on  the  cantorline  jot  trajeatory,  jet  ] 

half-width,  and  the  centerline  temperature  versus  axial  distanoe  - 

from  the  orifice  center  is  shown  in  Figure  38.  This  data  can  be  j 

directly  compared  with  that  of  the  two-opposing  jets  to  discern  j 

the  differences  between  the  mixing  characteristics  of  two-  and  > 

four-opposing  jets.  An  in-depth  comparison  is  given  in  Seation 
XV. B. 6,  where  mixing  characteristics  of  different  orifioo  config- 
urations are  summarized.  •, 


The  jet  penetrated  approximately  up  to  2 D ^ at  the  lowest 
momentum  ratio  of  2.88,  which  increased  to  4.5  when  J - 11.9. 

As  J was  increased  to  20.89  the  asymptotic  jet  penetration  did 
not  increase,  although  the  slope  of  the  jet  trajectory  was  con- 
siderably increased.  B’urther  increase  in  J to  41.84  and  65.14 
brought  significant  change  in  tha  shapes  of  the  isothermal  lines 
in  the  region  beyond  a 2 Dj  downstream  from  the  jet  origin,  as 
shown  in  Figure  3 9 . 


TABLE  10.  TEST  CONDITIONS  OF  FOUR  OPPOSING  JETS. 


Parameters 

Set-1 

Set-2 

Set-3 

Set-4 

Set-5 

! i 

[ J « 

Hot  Stream 

Airflow,  Kg/a 

1.39 

1.42 

1.41 

1.40 

1.42 

< f 
\ 

Temperature,  K 

1135 

1138 

1097 

1085 

1017 

t 

j j 

Pressure,  kPa 

977 

973 

975 

975 

973 

V 1 » 

Velocity,  m/s 

Dilution  Jet 

39.95 

39.37 

37.54 

36. 82 

35.08 

» 

Pressure  drop,  % 

0.67 

2.73 

4.45 

8.32 

12.03 

1 ( 

Temper at  are,  K 

292 

269 

289 

288 

287 

! 

j 

f 

Py  kg/m3 

11.61 

11.67 

11.71 

11.75 

11.76 

! 

V^,  m/s 

Parameters 

33.68 

68.45 

88.08 

122.7 

150.4 

<Pv>j/(PU>H0T 

3,421 

6.846 

8.90 

12.55 

15.19 

(pv2)j/(PUJ)H0T 

2.88 

11.9 

20.89 

41.83 

65.14 

Re . x 10"5 

1.51 

3.09 

3.99 

5.57 

6.84 

I 


Figure  39  (a)  presents  the  measured  isothermal  plots  at 

D j 

■ 1.16  as  affected  by  the  jet  momentum  ratio,  J « 20.09  (Jet  J3) , 
J =*  41.03  (Jet  4)  and  J =>  65.14  (Jet  5).  The  jet  shapes  are 
relatively  similar  with  discernabie  jet  cores.  However,  at 

V 

=r-  =■  2.02,  the  profiles  are  quite  different.  Jet  3 maintains 

°j 

a relatively  intact  shape.  Jet  4 is  about  to  break,  whereas 
the  decay  of  Jet  5 has  already  begun.  Jet  3 development 
continues  at  jj—  - 3.17)  it  has  not  penetrated  up  to  the  center- 

line  of  the  combustor.  In  the  aase  of  other  jets,  the  minimum 
temperature  is  near  the  centerline,  although  the  jets  have 
already  broken.  Consequently,  with  high  jet-momentum  ratios,  the 
conventional  jet  correlations  for  trajectory  and  mixing  rate  are 
useful  only  for  a relatively  small  axial  distance  downstream  from 
the  jet  origin.  There  does  not  exist  any  simple  correlation  for 
predicting  the  mixing  rates  in  the  region  downstream  from  the 
jet  breakup.  However,  the  3-D  combustor  performance  model  can 
be  used  for  correlating  the  jot-mixing  data  in  all  of  the  regions 
of  interest  including  jet  development,  jot  deaay,  and  mixing 
region.  This  comparison  is  presented  in  Section  V.D. 


3 . Mixing  Characteristics  of 


posing  Jets 


Internal  temperature  profiles  were  measured  for  a 6-flush- 
orifice  configuration  at  different  test  conditions,  as  listed  in 
Table  11,  The  reduaed  data  on  jet  trajectory,  jo*  half-width, 
and  jet  centerline  temperature  is  presented  in  Figure  40.  Like 
in  the  four-opposing  jot  case,  there  was  no  inarease  in  jet 
penetration  with  jet-momentum  ratios  higher  than  41.  Similarly, 
there  in  a negligible  increase  in  the  jot  half-width  beyond 
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TABLE  11.  TEST  CONDITIONS  OF  SIX-OPPOSING  JETS 


i i 

t 


Parameters 

Set-1 

Set-2 

Set-3 

Set-4 

Set-5 

Hot  Stream 

Airflow,  Kg/a 

1.39 

1.41 

1.40 

1.41 

1.41 

Temperature,  K 

1239 

1204 

1140 

1072 

1083 

Pressure,  kPa 

980 

977 

980 

976 

972 

Velocity,  m/s 

41.36 

41.06 

38.59 

36.51 

37.25 

Dilution  Jet 

Pressure  drop,  % 

0.77 

2.63 

3.78 

8.13 

11.96 

Temperature,  K 

294 

292 

290 

289 

289 

Pji  kg/m3 

11.60 

11.60 

11.72 

11.72 

11.67 

Vy  m/s 

36.24 

67.03 

81.04 

121.5 

150.4 

Parameters 

(pvyipui^,, 

3.69 

6.73 

8.26 

12.34 

15.13 

<pv2>:)/<pu2>hot 

R®^  X 10"5 

3.23 

10.99 

17.34 

41.06 

61.08 

1.33 

2.46 

3.00 

4.50 

5.54 

/ 
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The  mixing  characteristics  of  the  two  rows  of  six-opposing 
jets  emanating  from  flush  orifices  were  studied  for  both  inline  \ 

and  staggered  configurations.  The  test  conditions  for  inline  and  | 

staggered  arrangement  are  presented  in  Tables  12  and  13,  | 

respectively.  A typical  comparison  for  the  jet  development,  jj 

decay,  and  mixing  characteristics  of  both  configurations  wns  4 

previously  presented  in  Figures  35  and  36.  f 

The  reduced  data  on  the  jet  penetration,  jet  half-width 
jet  centerline  temperature  for  both  the  first  and  the  second 
jet3  for  the  inline  configuration  is  presented  in  Figure  41. 

The  corresponding  data  for  the  staggered-row  geometry,  where  the 
second-row  jets  lie  in  between  the  firBt-row  jets,  is  shown  in 
Figure  42. 

In  the  case  of  the  inline  configuration  (Figure  41) , the  jet 
penetration  and  half  width  of  the  second- row  jets  were  more  than 
that  of  the  first-row  jets,  due  in  part  to  a low-pressure  region 
created  by  the  latter.  It  should  be  noted  that  the  second  row 
was  located  5.9  D,  downstream  from  the  first  row.  The  jet- 
centerline  temperature  was  higher  for  the  second  row  than 
for  the  first-row  jets.  The  results  for  the  staggered  geometry 
were  quite  different  as  shown  in  Figure  42.  For  the  lowest 
jet-momentum  ratio  case  (J«4.5),  the  penetration  and  mixing  rate 
(D^Dj)  of  the  second  jet  were  slightly  higher  than  for  the 
first  jet.  At  higher  jet-momentum  ratios,  the  trend  was  opposite 
to  that  of  the  inline.  The  higher  velocity  region  created  by 
} the  first  jet,  in  the  region  in  between  the  jets,  resulted  in 

I reducing  the  penetration  of  the  second  jet.  Some  reduction  in 

i the  second  jet  penetration  was  expected  since  a slightly  higher 

I through-flow  waB  passing  across  the  jet.  This  implies  that  if 

l the  cro3S-stream  flow  rates  were  equal  for  both  the  first  and 

i 
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TABLE  12.  TEST  CONDITIONS  OF  TWO  ROWS  OF  INLINE 
SIX-OPPOSING  JETS. 


Parameters 

Set-1 

Get-2 

Set- 3 

Hot  Stream 

Airflow#  kg/a 

1.41 

1.40 

1.41 

Temperature,  K 

1177 

1150 

1126 

Pressure,  kPa 

974 

977 

976 

Velocity,  m/s 

40.34 

39.12 

38.49 

Dilution  Jet 

Pressure  drop,  % 

0.88 

2.61 

4.38 

Temperature , K 

288 

288 

288 

py  kg/mv 

11.73 

11.76 

11.76 

V4,  m/s 

J 

38.31 

66.70 

87.24 

Parameters 

(pv)J/(pu)H0T 

3.88 

6.31 

8.86 

Cpv2)3/<pu2)HOT 

3,69 

11.61 

20.09 

Re^  x 10”5 

1.42 

2.48 

3.24 
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TABLE  13.  TEST  CONDITIONS  OF  TWO  ROWS  OF  STAGGERED 
SIX-OPPOSING  JETS. 


Parameters 

Set-1 

Set-2 

Set-3 

Set-4 

Hot  Stream 

Airflow,  kg/ s 

1.41 

1.39 

1,40 

1.41 

Temperature,  K 

1166 

1156 

1126 

1091 

Pressure,  kPa 

975 

977 

979 

976 

Velocity,  m/s 

40.02 

38.95 

38.25 

37.30 

Dilution  Jet 

Pressure  drop,  % 

1.06 

2.98 

4.16 

8.51 

Temperature,  K 

289 

289 

288 

289 

Py  kg/m3 

11.70 

11.73 

11.78 

11.72 

Vj,  m/s 

42.3 

71.58 

84.99 

124.5 

Parameters 

(Pv)j/(PU)HoT 

4.26 

7.35 

8.69 

12.61 

(pv  )j/(pu  )H0T 

4.51 

13.52 

19.3 

42.08 

Ra^  x 10” 5 

1.56 

2.65 

3.16 

4.61 

FIRST  SECOND 
J JET  JET 

3.08  o • 

11,01  □ ■ 

20.08  A A 

AXIAL  DI8TANCE  BETWEEN  JETS  • 0.8  D, 

Dj • 2.18 CAN  RADIUS- 8.8 Dj 

X - AXIAL  DISTANCE  MOM  ORIGIN  OP 
FIRST  JIT 


Figure  41.  Measured  Mixing  Characteristics  of  the  In-line 
Six-Opposing  Jets. 
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Figure  42.  Measured  Mixing  Characteristics  of  the  Staggered 
Six-Opposing  Jets. 


second  row  of  jets*  the  penetration  of  the  second  jet  would  be 
slightly  higher  than  presented  in  Figures  41  and  42 . 
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c. 


Can  Combustor  Cold-Flow  Mapping 


A can  combustor,  presented  in  Figure  43,  was  used  for 
cold-velocity  mapping.  The  combustor  has  three  cooling  skirts 
with  slot  height  equal  to  approximately  2 mm.  The  discharge 
face  of  the  fuel  nozzle  was  nearly  flush  with  the  conical  dome 
leading  edge,  i.e.,  2.01  am  from  the  top  face  giving  a combustor 
length  of  39.5  cm.  Axial  locations  of  each  of  the  air-injection 
points  (measured  from  the  face  of  the  fuel  nozzle)  along  with 
orifice  size  and  geometric  area  are  given  in  Table  14. 


Cold  velocity  traverses  were  taken  at  21  stations)  the 
axial  and  circumferential  locations  are  indicated  in  Figure  43. 
Four  traverses  were  made  in  the  primary  zone,  seven  in  the 
intermediate  zone  and  ten  in  the  dilution  zone.  The  symmetry 
of  the  internal  flow  field  around  a primary  jet  and  a dilution 
jet  was  checked  at  two  axial  stations,  namely  at  X - 5.99  and 
12.05  cm. 


Most  of  the  velocity-measurement  ports  were  fitted  with 
alignment  grommets  to  minimize  air  leakage.  A calibrated  five- 
hole  pyramid  (described  below)  passed  through  a tube  seated  on 
the  grommet  seat  in  order  to  minimize  air  leakage  across  the 
velocity  port.  The  velocity  ports  not  in  use  were  covered  by 
plugs. 
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TABLE  14.  COLD  PLOW  CAN  COMBUSTOR  GEOMETRICAL 
DETAILS. 


Orifice  Type 

Number  of 
Orifices 

Orifice 
Size,  cm 

Geometric 
Area,  cm2 

Axial 

Distance, 

cm 

Dome  louvers 

30 

0.36 

3.02 

— 

Primary 

6 

1.12 

5.09 

9.09 

Dilution 

6 

1.42 

9.53 

17.21 

Cooling  slot  lip 
No.  1 

30 

0.44 

4.60 

5.05 

No.  2 

30 

0.40 

5.43 

12.20 

No.  3 

30 

0.40 

5.43 

20.59 

The  combustor  was  installed  in  a teat  rig  preaented 
previoualy  in  Figure  9.  Air  entered  the  teat  aaaembly  plenum 
through  a baffle  which  had  40  orifioea  providing  a 10-percent 
pressure  drop  at  a deaign  corrected  flow  rate  of  0.2  kg/a. 
Thia  baffle  along  with  approximately  20  cm  of  settling  length 
waa  provided  to  achieve  a relatively  uniform  annulua  airflow 
distribution. 


A schematic  of  the  five-hole  pyramid  probe  for  measuring 
three  velocity  components,  and  static  and  total  pressures  is 
shown  in  Figure  44.  Calibration  of  the  pyramid  probe  waa  obtained 
on  a flow  rig,  alao  presented  in  Figure  44.  The  probe  yaw-angle 
setting  was  obtained  by  installing  the  probe  and  the  actuator  on 
a lathe  bed,  as  shown.  The  probe  waa  clamped  in  position  where 
both  of  the  yaw  pressures  were  equal.  The  aero-yaw  setting 
could  be  repeated  within  +0.5  degree.  The  pitch-angle  calibra- 
tion waa  obtained  by  immersing  the  probe  in  the  nozzle  jet  at  a 
known  pitch  angle.  The  data  waa  recorded  for  every  5 -degree 
interval  over  the  range  of  -45  to  +30  degrees  pitch  angle  at 
different  flow  Mach  numbers  ranging  from  0.04  to  0.3. 
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An  electronic  mioromanometer  (Datametrics  Barocel  Electronic 
Manometer  No.  1173),  which  could  accurately  read  the  pressure 
differential  over  the  range  0.001  to  100  inch  of  water,  was  used 
for  recording  the  pressures. 


The  measured  data  was  reduaed  and  correlated  with  the 
following  three  parameters i 


pt“pl 

Total  pressure  parameter,  PP.  ■ — - 

“ Vi 


p -p 

Static  pressure  parameter,  PP„  « 8 g^aw 

■ V* 


Pitch  parameter,  PP^ 


VPL 

q 


where i Pfc  ■ true  total  pressure 

Pu  - true  statia  pressure 

P^  - probe  total  pressure 

P„-tJ  “ probe  yaw  (static)  pressure 

yaw 

Py-P.  **  pressure  difference  between  upper  and  lower 
pitch  ports  of  the  probe 

q - true  kinetic  head. 


All  of  the  three  parameters  wars  found  to  be  independent  of 
the  Mach  number  over  the  range  M-0.04  to  0.3.  The  data  was  best 
fitted  by  polynomials  of  different  orders.  Little  reduction  in  jj 

the  mean  square  errors  of  the  parameters  PP^  and  PP2  was  j 

observed  beyond  a sixth-order  polynominal.  On  the  other  hand,  a \ 

fifth-order  polynominal  gave  the  best  fit  for  the  PP3  data.  The  % \ 

results  along  with  the  bsst-fit  sxprssaiona  for  one  of  the  two  j 

probes  oalibrated  is  presented  in  Figure  45.  ) 


Throe  isothermal  (cold)  flow-mapping  teste  were  conducted 
with  the  can  combustor  installed  in  the  rig.  A close-up  view  of 
the  test  setup  and  test  conditions  are  presented  in  Figure  46. 
Two  probe  stops,  indicated  as  lower  and  upper  stops  in 
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Figure  46 , were  provided  so  that  the  probe  would  traverse  a 
prescribed  length  of  11.7  cm,  whereas  the  combustor  internal 
diameter  was  12.5  cm.  When  the  probe  was  at  its  lower  stop,  its 
distance  from  the  lower  wall  was  3.8  mm?  similarly  when  at  the 
upper  stop,  the  distance  from  the  upper  wall  was  3.8  mm.  These 
stops  were  provided  to  avoid  any  structural  damage  to  the  probe. 
The  combustor-inlet  pressure  and  temperature  were  measured  by 
three  total-pressure  probes  and  two  CA  thermocouples.  The  probe 
traverse  of  11.7  am  was  made  with  an  existing  traversing  mechan- 
ism that  provided  an  automatic  yaw  null.  The  transducer  pressure 
traces  and  yaw  angle  were  recorded  on  Hewlett-Paakard  chart 
recorders.  Typical  traces  are  shown  in  Figure  47.  The  top  half 
of  the  figure  shows  the  variation  of  yaw  angle  (looking  down  on 
the  probe)  and  the  difference  in  pressures  measured  at  the  upper 
and  lowor  pitch  holes.  Note  that  the  pressure  fluctuations  of 
up  to  ICO  cm  of  water  were  measured  indicating  a high  level  of 
f low-velocity  fluctuations.  The  probe  total  pressure  (F^)  was 
measured  with  respect  to  the  combustor  inlet  pressure  (P^)  in 
order  to  eliminate  any  possible  inlet  line  pressure  fluctuations. 
The  yaw  pressure  was  measured  with  respect  to  the  probe  total 
pressure.  Fluctuations  of  up  to  60  cm  of  water  in  the  total 
pressure  and  the  probe  kinetio  heat  (P^-P^^)  were  observed. 

These  fluctuations  were  greater  than  the  combustor  exit  moan 
kinetio  head  of  5.1  om-HjO  corresponding  to  an  airflow  rate 
of  1.367  kg/s.  Consequently,  it  was  quite  difficult  to  make  a 
good  estimate  of  time-mean  values  of  the  probe  output. 

A computer  program  was  used  to  expedite  the  raw  data  reduc- 
tion. Since  a large  quantity  of  data  was  obtained,  typical 
axial-velocity  profiles  are  presented  hare  as  an  illustrationi 
The  rest  of  the  data,  along  with  the  3-D  model  predictions,  is 
shown  in  Section  V.C.  Figures  40  through  51  present  axial- 
velooity  profiles  for  a total  of  16  ports  at  test  condition 
No,  1. 


Figure  48.  Axial  Velocity  Profiles  for  Condition  No 


Figure  50.  Axial  Velocity  Profiles 
for  Condition  No.  1. 


Figure  48  shows  radial  profiles  of  axial  velocity  at  axial 
Stations  1,  2,  and  7 in  the  primary  zone,  and  Station  8 which  is 
immediately  downstream  from  the  primary  jet.  At  port  No.  1 
(approximately  1 cm  downstream  from  the  lip  of  cooling  slot  No.  1 
and  3 cm  upstream  from  the  primary  orifice,  and  lying  in  between 
the  primary  jets)  the  measured  recirculation  height  was  approxi- 
mately 4.5  cm  or  0.72  of  the  can  radius.  There  is  some  differ- 
ence between  the  radial  profiles  on  both  sides  of  the  can  center- 
line.  However,  the  small  difference  could  be  oaused  by* 

(a)  airflow  distribution  around  the  liner,  (b)  the  blockage 
caused  by  the  21  tubes/plugs  through  the  outer  annulus,  and 
(c)  inaccuracy  in  calculating  time-moan  values.  The  results  for 
port  No.  7,  which  was  located  in  line  with  a primary  orifice, 
were  similar  to  those  of  port  No.  1.  At  this  location,  the 
probe  could  not  be  nulled  at  many  of  the  radial  stations.  How- 
ever, ,it  is  interesting  to  note  that  the  axial  velocity  near  the 
wall  and  the  aan  centerline  at  port  No.  7 were  approximately 
equal  to  those  of  port  No.  1,  thus  lending  confidence  to  the 
measurements.  The  measured  recirculation-zone  height  at  port 
No.  2,  which  was  located  between  primary  orifices  and  5 mm 
upstream  of  the  primary  orifice  row,  was  approximately  4 cm. 

A slight  reduction  in  the  axial  velocity  near  the  wall  may  be 
noticed  as  expected.  The  recirculation  zone  was  terminated  by 
the  primary  jets,  as  shown  by  measurements  at  port  No.  Q 
located  1.3  cm  downstream  from  the  primary  orifice. 

The  experimental  data  for  port  No.  3 (Figure  49)  appear 
to  be  suspect  in  that  the  velocity  peak  near  the  wall,  created 
by  the  cooling  film,  is  not  evident  except  by  an  isolated 
point  (numbered  1) . This  observation  ia  further  supported  by 
the  data  for  port  No,  9,  where  a velocity  peak  near  the  wall  was 
observed  as  expected.  A reduction  in  the  cooling-film  velocity 
with  axial  diatance  downstream  from  the  lip  is  quite  obvious,  as 
shown  for  port  No.  19.  The  data  for  port  No.  4 appears  suspect 
when  compared  with  that  of  port  No.  19. 
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Although  there  wan  more  scatter  in  data  for  ports  Ho.  12 
and  No.  20,  as  shown  in  Figure  50,  a peak  in  the  axial-velocity 
profile  (caused  by  the  presence  of  the  cooling  film)  is  obvious. 
Further  reductions  in  the  peak  value  with  axial  distance  can  be 
noted  for  ports  No.  5 and  Ho.  13.  Other  data  for  the  dilution 
sons  is  presented  in  Figure  51. 

From  a general  review  of  the  data,  it  was  concluded  that 
the  data  was  valid;  although  some  discrepancies  were  noted 
between  the  data  from  the  lower  and  upper  halves  of  the  combus- 
tor. These  discrepancies  are  consistent,  and  can  be  explained. 
It  is  apparent  that  for  highly  turbulent  recirculating  flows,  a 
measurement  system  should  be  utilized  that  minimizes  flow-field 
distortion. 

D.  Can  Combustor  Reacting  Flow  Mapping 

A can  combustor,  presented  in  Figure  52,  was  used  for 
mapping  radial  profiles  of  CO,  C02,  NOx,  and  HC  at  different 
axial  stations.  The  mapping  was  conducted  with  both  gaseous 
(natural  gas)  and  liquid  fuels  (Jet-A) . The  can  combustor  was 
similar  to  that  used  for  cold-flow  mapping,  except  for  a fourth 
cooling  slot  shown  in  Figure  52. 

A water/steam  aooled  stainless  steel  emission  probe 
(Figure  53),  with  10  individual  radial  points  was  designed  and 
fabricated  under  this  program.  Heated  water  at  approximately 
423  K and  under  pressure  entered  the  emission  probe.  The  water- 
flow  rata  was  adjusted  to  maintain  the  probe-head  surface  temper 
ature  at  approximately  423  K.  A hot  water/  condensing  unit  was 
used  for  supplying  the  required  hot  water  flow  rate,  and  for 
aondensing  the  water/steam  mixture  exiting  the  emission  probe. 

A detailed  thermal  and  stress  analysis  was  conducted  for  the 
emission  probe  to  insure  proper  quenching  of  the  sample  and  dura 
bility  of  the  probe.  The  probe  was  successfully  used  for 
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REACTING  FLOW  CAN  COMBUSTOR  GEOMETRICAL  DETAILS 

NO.  OF  GEOMETRIC  AXIAL  DISTANCE 


ORIFICE  TYPE 

ORIFICES 

SIZE  (cm) 

AREA,  cm2 

(cm) 

DOME  LOUVERS 

30 

0.38 

3,02 

— 

PRIMARY 

8 

1.12 

6.89 

9.09 

DILUTION 

6 

1.42 

9,63 

17.21 

COOLING  SLOT  LIP 
#1 

30 

0.44 

4.8 

6.06 

#2 

30 

0.48 

6.43 

12.20 

# 3 

30 

0.48 

6.43 

20.69 

#4 

30 

0.48 

6.43 

29.87 

Figura  52 * Can  Combuator  for  Reacting  Flow  Mapping. 
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measuring  emissions  for  all  of  the  13  teat  conditions  Hated 
in  Tables  15  and  16  without  incurring  any  structural  deterior- 
ation. 


A natural  gaa  nozzle  with  nozzle-exit  diameter  of  7.67  mm, 
and  an  air-assist  airblaet  nozzle,  as  presented  in  Figure  54, 
were  used  for  the  can  oombuetor  mapping.  The  reduced  data  of 
radial  profiles  at  different  axial  stations  is  given  in  Appendix 
A.  A circumferential  position  of  0 degrees  lies  along  a plane 
midway  hetween  the  primary  jets,  whereas  an  x-r  plane  in  line 
with  the  center  of  the  primary  jet  is  denoted  by  30  degrees. 

The  axial  distance  is  measured  from  the  faoe  of  the  nozzle  that 
was  installed  flush  with  the  combustor  dome.  The  unburned 
hydrocarbons  (expressed  as  C1127  H4.254  Cor  natural  9a*'  and 
C,  0 Hj,,  for  Jet-A) , CO,  and  N0X  are  expressed  as  parta-per- 
million  (PPM)  wet)  whereas  C02  is  presented  as  percent  moles  of 
the  products. 


Equivalent  fuel  = ^7  H4  254 
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Radial  profiles  were  measured  at  up  to  eight  axial  stations, 
name ly  x * 6*0,  8*5,  10*4,  12*9,  1 5 * 4 , 18*8,  21*3,  and  2 6 • 2 cm* 

Up  to  five  circumferential  stations  were  mapped  to  measure  vari- 
ations  of  the  profiles  along  different  x-y  planes.  It  is  well 
known  that  there  is  a measurement  error  involved  with  perturbing 
types  of  probes  suoh  as  used  in  the  present  study.  Every  effort 
was  made  to  minimise  the  probe  oreas-dimension;  however,  the 
measurement  errors  were  sxpeated  to  be  quite  high  in  the  primary 
rone  and  near  the  liner  wall.  In  addition,  the  errors  in  mea- 
sured HC  were  the  highest.  Conssquently,  only  limited  measure- 
ments were  taken  upstream  of  the  primary  orifices. 

Figure  55  shows  typical  HC  radial  profiles  for  the  six 
axial  stations  along  two  circumferential  planes,  inline  and  in- 
between  the  primary  jet.  The  presented  results  are  for  Set-1 
listed  in  Table  15,  The  radial  profiles  at  8 ■ 0 and  9 •<  30 
degress  at  approximately  3 am  upstream  from  the  primary  orifioes 
were  relatively  similar,  and  the  peak  is  olose  to  the  aan  aom- 
bustor  centerline,  however,  at  1.3  cm  downstream  from  the  pri- 
mary orifice,  the  profiles  were  considerably  different.  There 
was  approximately  two  orders  of  magnitude  reduction  in  HC  near 
the  can  combustor  center,  compared  to  the  upstream  station  at 
x “ 6 am.  The  peak  in  the  HC  profile  was  close  to  the  liner  wall 
for  9 «•  0 , but  was  near  the  can  combustor  centerline  for  9-30 
degrees.  However,  1.5  cm  further  downstream  »t  x ■ 12.9  cm,  the 
radial  profiles  of  HC  along  9 ■ 0 and  30  degrees  wsre  approxi- 
mately similar.  At  1.6  cm  downstream  from  the  dilution  orifice, 
x " 18.6  cm,  a minimum  HC  value  of  40  ppm  occurred  at  3.0  cm 
radius  for  the  plane  inline  with  the  dilution  jet.  At  x - 26.2 
cm,  the  profiles  are  relatively  one-dimensional. 

Figures  56  through  59  present  average  axial  profiles  of  HC, 
CO,  and  NOx  for  Sat-1  through  Sat- 13  bo  illustrate  the  of feat  of 
different  parameters,  including  fual/air  ratio,  combustor  inlet- 
flow  conditions,  and  the  type  of  fuel  on  combustor  performance. 
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Figure  55.  Measured  Unixirned  Hydrocarbon  Profiles  In  Line  and  In  Between 
Primary  Jet  for  Set-1. 
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58.  Average  Profiles  of  HC  and  CO  for  Set-8  Through  Set-13 


Figure  59.  Average  Profiles  for  HO  for  Set-1  Through  Set-13. 


First,  the  results  with  gaseous  fuel  will  be  discussed.  With 
increasing  fuel/air  ratio  (such  as  Set-1  versus  Set-2,  and  Set-5 
versus  Set-6)  there  was  an  increase  in  KC  and  CO,  as  shown  in 
Figures  56  and  57.  An  increase  in  pressure  resulted  in  a 
decrease  in  HC  and  CO.  An  increase  in  combustor  residence  time 
(as  in  Set-1  versus  Set-3,  and  Set-7  versus  3et-5)  resulted  in 
a decrease  in  HC  and  CO. 


The  fuel-nozzle  characteristics  strongly  affect  aombuator 
performance,  shown  by  test  results  of  Set-2  and  Set-8.  The 
natural  gas  nozzle  had  approximately  a zero  spray  angle,  com- 
pared to  a 90-degree  spray  angle  of  the  airblast  nozzle.  Set-2 
had  15,000  ppm  of  HC  at  x “ 10.4  cm,  compared  to  500  ppm  in 
Set-8.  However,  at  x * 26.2  am,  the  results  were  comparable. 

On  the  other  hand,  at  x « 10.4  cm  the  CO  levels  were  oomparable 
with  both  natural  gas  and  liquid  fuel,  whereas  at  x - 26.2  cm 
the  natural  gas  had  a lower  CO  level.  Increasing  fuel/air  ratio 
had  a minor  effeat  on  exhaust  HC  and  CO  emissions.  An  increase 
in  pressure  caused  a decrease  in  exhauBt  HC  and  CO  emissions.  A 
comparison  between  NO  emitted  with  gaseouB  and  liquid  fuels  is 
presented  in  Figure  59.  Both  Set-2  and  Set-8  gave  similar  exit 
NOx  emissions. 

A comparison  between  analytical  predictions  and  measure- 
ments is  presented  in  Section  V.D. 

E.  Radiation  Flux  Measurements. 

The  thermal  radiation  from  the  can  combustor  (Figure  52)  at 
two  axial  locations,  namely  through  primary  and  dilution 
orifices,  was  measured  with  a Leeds  and  Northrup  Ray-O-Tube. 

The  two  sapphire  windows  were  cooled  by  a double  filtered  plant 
air  line.  The  radiometer  was  focused  at  38.1  cm  from  the 
centerline  of  the  can. 
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Since  the  radiometer  was  viewing  through  the  primary  and 
dilution  orifices,  the  background  (wall)  radiation  waa  negli- 
gible. The  instrument  had  a background  emf  of  0.005  mV,  and  was 
approximately  independent  of  the  combustor  inlet  pressure  and 
temperature.  On  the  other  hand,  the  emf  reading  through  the 
primary  orifice  with  » 1013  KPa,  T3  - 933  K,  and  f/a  «*  0.0215 
was  3.05  mV.  A typical  fluctuation  in  the  emf  reading  of  the 
instrument  was  0.05  mV.  Therefore,  the  background  radiation 
contribution  could  be  neglected.  Table  17  summarises  the  radia- 
tion flux  measured  through  the  primary  orifice  with  natural 
gas  as  the  fuel.  The  measured  radiation  flux  increased  with 
pressure  and  fuol/air  ratio  as  expeated. 

Table  18  presents  the  measured  radiation  flux  through  the 
primary  orifice  with  Jet-A  fuel.  Again,  expected  results  were 
obtained.  The  radiation  flux  with  Jet-A  was  considerably  higher 
than  with  natural  gas,  as  may  be  seen  by  comparing  Tables  17  and 
18.  The  measured  data  aannot  be  aompared  with  semi-empirical 
relationships,  such  as  Reeve's  Expression,  which  are  strictly 
applicable  to  calculating  radiation  flux  from  a relatively 
uniform  hot  stream.  The  measured  emissions  profiles  at  stations 
1.3  cm  downstream  from  the  primary  orifice  and  1.58  cm  down- 
stream from  the  dilution  hole  showed  significant  variations  in 
the  radial  direction,  as  shown  typically  in  Figures  60  and  61 
for  the  test  Set-13  of  Table  16,  respectively.  As  shown  in 
Figure  60,  approximately  two  orders  of  magnitude  variation  in 
radial  profiles  of  CO,  COa,  and  consequently  water  vapor,  exist 
slightly  downstream  of  the  primary  orifiae.  Consequently,  the 
measured  data  will  be  compared  with  the  prediction  of  the  3-D 
elliptic  program  that  includes  a six- flux  radiation  model. 


II' 


Baki,;,, 


t/l  '/i  1^1^  h t iii  JlLLliili] 


TABLE  17 


RADIATION  FLUX  THROUGH  THE  PRIMARY 
ORIFICE  WITH  NATURAL  GAS. 
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Teat 

No. 

(kM> 

’A 

Wa3 

10/i) 

Fuel/Air 

Ratio 

1-2 

508.7 

497.5 

757.5 

0.0042 

2-2 

507.6 

498.0 

760.2 

0.0082 

3-2 

508.7 

500.8 

755.8 

0.0152 

1-3 

1013.3 

626.4 

1376.5 

0.0043 

3-3 

1012.2 

618.3 

1368.2 

0.0110 

Radiation  Flux 
U/a-m2) 


5.83  x 10' 


8.83  x IQ4 
7.88  x 104 
11.35  x 104 
16.07  x IQ4 


TABLE  18.  RADIATION  FLUX  THROUGH  THE  PRIMARY 
ORIFICE  WITH  JET-A  FUEL. 


Teat 

No. 

Pt3 

(kPa) 

T3 

00 

Wa3 

<«/•> 

Fuel/Air 

Ratio 

Radiation  Flnx 
(j/a-m2) 

1-9 

407.3 

448.9 

508.6 

0.0148 

3.15  x 

105 

1-10 

406.3 

450.8 

506.4 

0.0220 

3.74  x 

103 

1-11 

509.7 

531.7 

702.1 

0.0133 

4.41  x 

105 

1-12 

610.0 

532.2 

703.5 

0.0195 

5.36  x 

105 

1-13 

1013.3 

622.8 

1073.9 

0.0215 

7.25  x 

105 

1-14 

1013.3 

622.2 

1069.8 

0.0132 

6.62  x 

105 
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TABLE  19.  RADIATION  FLUX  THROUGH  THE  DILUTION 
HOLE  WITH  JET-A  FUEL. 


Radiation 


Test 

No. 

Pt3 

(kPa) 

t3 

(X) 

Wai 

(g/i> 

Fuel/Air 

Ratio 

Flux 

(J/s-ro2) 

2-9 

406.3 

452.2 

507.7 

0.0148 

0.69  x 105 

2-10 

405.2 

452.8 

509.3 

0.0219 

1.99  x 105 

2-11 

609.0 

535.6 

711.6 

0.0133 

0.74  x 105 

2-12 

608.0 

536.1 

711.2 

0.0193 

2,49  X 105 

2-13 

1013.3 

621.4 

074.5 

0.0216 

4.41  x 105 

2-14 

1012.2 

621.1 

1072.3 

0.013 

0.91  x 105 

A significant  decrease  in  the  radiation  flux  through  the 
dilution  hole  was  obtained,  as  shown  in  Table  19,  compared  to 
that  through  the  primary  orifice.  The  reduction  in  the  flux  was 
due  to  a lower  local  fuel/air  ratio  and  gas  temperature.  The 
measured  radiation  fluxes  will  be  correlated  with  the  3-D 
elliptic  model  predictions. 


F • Ignition  Tents  with  Alrblast  Nozzles. 

Ignition  teats  of  the  can  combustor  (Figure  52)  with  an  air- 
blast,  air-asniut/airblast,  and  piloted-airblast  nozzle  operating 
on  JP-4  fuel  were  completed.  Th*;i  ignition  tests  were  conducted 
with  a reference  velocity  equal  to  1.5  m/a  which  simulated  a 10- 
peraent  engine  cranking  speed)  and  3.05  m/s  at  flow  conditions 
corresponding  to  standard-day  oea  level,  3048  and  6096  meter 
altitudes.  The  combustor  inlet  temperature  was  maintained  close 
to  300  K.  The  measured  ignition  fuel/air  ratio  data  are  listed 
in  Table  20. 
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The  pure  airblast  (AB)  nozzle  required  an  ignition  fuel/ 
air  ratio  greater  than  0.025  (Teat  No.  1-2)  even  at  the  sea-level 
point.  However,  the  light-off  fuel/air  ratio  of  the  piloted  AB 
nozzle  was  much  lower  at  0.0132  (Test  No.  4-2).  The  ignition 
fuel/air  ratio  of  air-assisted  (AAB)  nozzle  was  similar  at  a 
boost  pressure  ratio  of  1.6,  as  shown  by  Test  No.  3-2.  On  the 
t other  hand,  the  AAB  nozzle  exhibited  lower  ignition  fuel/air 
ratios  at  higher  simulated  ignition  altitudes  compared  to  the 
piloted  AB  nozzle. 

" TABLE  20.  LIGHT-OFF  FUEL/AIR  RATIO  OF  A CAN 

COMBUSTOR  WITH  JP-4  FUEL. 


i 

i 

i 


Test 

No. 

Pt3 

(kPa) 

Air-Assist 
Press. /Pt3 

WS3 

(g/a) 

<TK? 

Reference 
Velocity  (m/s) 

Light-Off 

Fuel/Air 

Ratio 

Pure 

Airblast 

1-2 

122.0 

-0- 

0.076 

298.9 

4.2 

>0.0252 

Alr-Asaiat  Airblast 

2-2 

122.0 

1.20 

0.076 

298.3 

4.2 

0.0163 

3-2 

122.0 

1.61 

0.076 

298.9 

4.2 

0.0137 

2-3 

84.8 

1.20 

0.027 

299.4 

2.1 

0.0204 

2-4 

85.2 

1.19 

0.052 

298.9 

4.2 

0.0121 

3-3 

84.8 

1.60 

0.027 

299.4 

2.1 

0.0204 

3-4 

84.8 

1.60 

0.053 

296.7 

4.2 

0,0127 

2-4 

85.2 

2.30 

0.052 

298.9 

4.2 

0.0121 

Piloted  Airblast 

4-2 

122.3 

0 

0.077 

297.2 

4.2 

0.0132 

4-3 

84.7 

0 

0.026 

299.4 

2.1 

0.0307 

4-4 

84.7 

0 

0.053 

300.0 

4.’ 3 

0.0154 

4-6 

47.4 

0 

0.017 

300.6 

2.4 

0.0450 

% 
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G.  Nozzle  Spray  Sauter  Mean  Diameter  Measurements. 

The  combustor  efficiency,  gaseous  and  particulate  emis- 
sions, discharge-temperature  quality,  lean-flammability  limits, 
and  light-off  characteristics  of  small,  high-pressure-ratio, 
and  high-temperature-rise  combustors  depend  upon  internal  flow- 
field  characteristics  and  major  features  of  the  fuel  noszlo  (such 
as  Sauter  mean  diameter  (SMD)  and  spray-cone  angle) . Although 
spray  cones  may  be  easily  photographed,  very  elaborate  test 
facilities  have  been  required  to  measure  SMD  until  recently.1,9 
A less  costly  optical  device  was  built  in  parallel  with  this 
program  to  determine  the  mean  droplet  diameter  of  an  atomiser 
spray  from  an  analysis  of  the  diffractivsly  scattered  light 
intensity.  The  apparatus  was  used  to  measure  the  SMD  of  an 
air-assist  pressure  atomiser  and  an  air-assist  airblast  nozzle. 

1 . Description  of  Apparatus 

The  main  advantage  of  the  light-scattering  technique  is 
that  it  does  not  affect  the  nozzle-spray  pattern  or  secondary 
atomization,  as  do  other  methods.  The  technique,  an  developed 
by  Dobbins,  Croooo,  and  Qlasaman19,  is  based  on  the  forward 
scattering  of  a parallel  beam  of  monoohromatio  light  that  is 
passed  through  the  spray.  The  angle  through  which  the  light 
is  scattered  by  the  droplets  can  be  theoretically  related  to 
the  mean  droplet  size. 

The  optical  system  is  shown  schematically  in  Figure  62. 

Laser  light,  collimated  into  a beam  approximately  1 cm  in  diame- 
ter, is  passed  through  the  atomiser  spray,  and  is  focused  upon 
an  aperture  in  front  of  a photomultiplier  tube.  The  intensity 
of  the  scattered  light  can  then  be  determined  by  traversing 
the  photomultiplier  tube  upertuse  across  the  light  beam. 

19l)obbina,  R.A.,  Crooco,  L. , and  Classman,  I.,  'Measurement  of 
Mean  Particle  Sixes  of  Sprays  Prom  Diffractivsly  Scattered 
Light,"  A1AA  J.  1,  1882-1856  (1963) 

20Riskalla,  A. A.,  and  A.H.  Lefebvre,  "The  Influence  of  Air  and 
Liquid  Properties  on  Airblast  Atomisation,""  ASMS  Journal  of 
Fluid*  Engineering,  sept.  1975. 
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A 5.0 -milliwatt  helium-neon  laser  produces  the  source  of 
light  with  a wavelength  of  632.8  nm,  and  a microscope  objective 
Iona  focuses  the  laser  beam  onto  a 25-micron  collimating 
aperature.  This  aperature  provides  a point  source  of  light  at 
the  focal  point  of  the  11.5  am  fooal  length  aoromatic  collimator 
luns,  thus  forming  a parallel  beam  of  light. 

The  ratio  of  the  collimating  aperature  diameter  to  twice 

the  collimating  lent  focal  length  is  tho  divergence  angle  of  the 

incident  beam,  which  must  be  small  compared  to  the  angle  of 

scattering.  Sinaa  the  angle  of  scattering  decreases  as  particle 

size  increases,  the  divergence  angle  determines  the  upper  limit 

of  mean  d ;plet  size  that  can  be  measured.  The  divergence  angle 

of  the  system  is  equal  to  0.012  degrea,  which  is  smaller  than 

the  0.021  degree  of  the  apparatus  of  Professor  A.  H.  Lefobvra 

20 

using  a mercury  arc  lamp  light  source . 

The  laser  beam  ip  reflected  by  a 45-,  90- , and  45-degree 
prism  through  the  spray  onto  an  identical  prism,  which  reflects 
the  light  to  the  reaeiver  lens.  Again,  the  length  of  tho  system 
is  shortened  by  the  use  of  the  prisms.  The  receiver  lens 
focuses  the  light  onto  a 25-miaron  aperture  in  an  otherwise 
light-tight  photomultiplier  box.  The  RCA  photomultiplier  tube 
haa  a maximum  sensitivity  at  420  run,  utilises  a 0-1600  VDC  powex 
cupply,  and  ia  connectsd  to  a logarithmic  amplifier. 


The  photomultiplier  box  can  be  traversed  at  right  angles 
to  tiie  optical  axis  up  to  2.54  om,  A mioromatar  adjustment  give* 
the  position  of  the  photomultiplier  box  (relative  to  the  optical 
axis)  to  an  accuracy  of  0.025  mm.  The  position  of  the  photo- 
multiplier box  is  indicated  on  the  x-sxis  of  the  x-y  plotter  by 
a linar  position  transducer,  and  the  light  intensity  at  a given 
scattering  angle  is  recorded  on  the  y-axi»  on  four-aycslo 
semi logarithmic  paper.  The  entire  optical  system  is  mounted  on 
an  air-suspended  table,  end  is  shown  in  Figure  63.  An  enclosure 
that  shields  the  system  from  stray  light  waa  removed  fox  the 
photograph. 
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HELIUM  NEON  LASER 

MICROSCOPE  OBJECTIVE 

25  MICRON  COLLIMATING  APERATURE 

CONVEX-CONVEX  ACHROMATIC  COLLIMATING  LENS 

45°,  90°,  45°  PRISM 

FUEL  NOZZLE  (DOWNWARD  SPRAY) 

45°,  SO1,  45°  PRISM 

CONVEX-CONVEX  ACHROMATIC  RECEIVING  LENS 

25  MICRON  PHOTOMULTIPLIER  APERATURE 

LINEAR  POSITION  TRANSDUCER 

TRANSVERSING  PHOTOMULTIPLIER  TUBE 

AIR  SUSPENDED  TABLE 

DC  POWER  SUPPLY  O-lBOOV 

AUTOMATIC  LOGARITHMIC  CONVERTER 

X-Y  PLOTTER 

LASER  POWER  SUPPLY 

POWER  SUPPLY  FOR  LINEAR  TRANSDUCER 


Figure  63.  Light  Scattering  Optical  Apparatus 
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2 . Theory 

The  theory  for  the  scattering  of  light  by  a polydiBpersion 
of  dielectric  spherical  particles  of  size  number  a (equal  to 
ttD/X#  where  D is  the  particle  diameter # and  X is  the  wavelength 
of  incident  light)  makes  the  following  assumptions i 

e The  incident  radiation  is  planar  and  monochromatic 

e The  forward  angle  of  scattering#  6#  is  small 

e The  particle  size  number  a and  the  phase  shift  2 a 
(M-l)  are  large  (M  is  the  refractive  index) 

e The  particles  are  nonabsorbing 

e The  distance  between  the  particle  and  observer  is 

2 

large  compared  to  D /X 

e All  the  particles  are  illuminated  equally?  i.e., 
the  attenuation  of  the  incident  beam  is  alight 
because  the  optical  depth  is  small  (Dobbin*  et  al. 
found  the  effects  of  finite  optical  depths  to  be 
negligible) . 


The  intensity  of  the  scattered  light  due  to  the  polydispersion# 
normalized  by  dividing  by  the  intensity  of  the  light  scattered 
in  the  forward  direction  0 ■ 0,  is  equal  to  the  following 
expression  from  Reference  20* 


1(6)  - 


D 

f n 2J. (a0)  4 

L Nr(D)DdD 

C 1 

J m Nr  (D)D’dD 


*v. 


where  Dm  is  the  maximum  particle  diameter,  is  a Bessel  func- 
tion, and  Nr  (D)  is  the  particle  diameter  distribution  function. 
The  upper  limit  distribution  function  proposed  by  Mugele  and 
Evans **  has  been  shown  to  be  quite  adequate  in  describing 

experimentally-measured  droplet-siae  distributions,  and  was  used 

20 

to  define  Nr  (D)  by  Dobbins  et  al.  The  two  variables  of 

importance  in  describing  a particular  distribution  are  the 

skewness  (most  probable  to  maximum  diameter  ratio  5/Dm) » and  the 

spread  of  the  distribution  function  (a  monodispersion  having 

22 

the  smallest  spread) . Roberts  and  Webb  found  that  when  the 
scattered  light  intensity,  1(9),  is  plotted  against  the  reduaed 
angle,  irb^e/X,  O32  kb®  volume-to-surface  mean  diameter  or 
SMD) , the  scattered  light  intensity  is  almost  independent  of  the 
partiale-size  distribution  function.  For  wide  distributions, 
and  narrow  ones  approaching  monodispersions , and  for  0.13 
< E>/Dm  < 0.8,  the  theoretical  illumination  profiles  were  nearly 
coincident)  the  mean  illumination  profile  from  Reference  22  is 
shown  in  Figure  64.  The  minimum  standard  deviation  from  the 
mean  (about  1 percent)  occurs  when  1(6)  - 0.08.  For  convenience, 
the  point  to  fit  an  experimentally-determined  illumination 
profile  to  Figure  64  is  chosen  as  1(6)  - 0.1  and  ttD326/X  - 2.647. 
Therefore,  by  measuring  the  angle  6 to  the  position  where  the 
light  intensity  is  equal  to  10  percent  of  the  Intensity  of  the 
forward  scattered  light  (9  ■*  0) , the  SMD  can  be  calculated 
knowing  the  wavelength  of  the  incident  light. 

A typical  light-intensity  profile  plot  obtained  using  the 
AiResearch  equipment  is  shown  in  Figure  65  for  an  airblast 
atomizer  spraying  water.  The  ur.soattered  light  masks  the 
forward  scattered  light  near  X - 0 requiring  an  extrapolation 
of  the  scattered-light  intensity.  The  extrapolation  should 

21Mugele,  R.A.  and  Evans,  H.D.,  "Droplet  Size  Distribution  in 
Sprays,"  Ind.  Eng.  Chem.  43,  1317-1324  (1951) 

22Roberts,  J.H.  and  Webb,  M.J.,  "Measurements  of  Droplet  Size 
for  Wide  Range  Particle  Distributions,"  AIAA  J.  2,  583-585 
(1964)  . 
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Figure  65.  Typical  Experimental  Light  Intensity  Profile 


follow  the  shape  of  the  mean  theoretical  illumination  profile, 
and  a typical  extrapolation  is  shown  as  a dotted  line  in 
Figure  65.  The  point  on  the  scattered-light  intensity  is 
10  percent  of  the  forward  scattered  light  intensity,  and  is  bIbo 
shown  in  Figure  65.  The  traverse  distance  to  the  subject  point 
can  be  seen  to  be  equal  to  1.5  cm.  Therefore,  the  StlD  can  be 
calculated  in  meters  from  the  following  equation! 


SMD  - 2.647  A/rr  tan  (x/f0) 


where!  A - 632. 8 x 10  m 


fQ  - 762  mm 
x - traverse  distance 

Droplet-siae  measurements  taken  at  Cranfield  Institute 

of  Technology  on  an  airblast  nosxle  are  compared  in  Table  21  to 

the  measurements  using  the  AiResearch  apparatus.  The  agreement 

varies  from  very  good  to  poor)  however,  the  AiResearch  data  is 

self  consistent  and  some  of  the  error  may  be  attributed  to  the 

difficulty  in  reproducing  the  experimental  conditions  exactly. 

The  Cranfield  data  was  taken  using  kerosine  and  the  AiResearch 

apparatus  is  limited  to  water  only*  therefore,  the  AiResearch 

data  was  corrected  to  kerosine  using  the  following  equation  for 

20 

low  viscosity  liquids  from  Riskalla  and  Lefebvrei 


°H20pK20 


0.544  at  289K 


jETA 


/SMD, 


0.512  at  289K 


Another  comparison  between  Cranfield  and  AiResearch  data  is 
provided  in  Table  22  for  a pressure  atomiser  with  and  without 
external  air  assist)  the  external  air  assist  being  provided 
through  the  secondary  fuel  passage.  Again,  the  agreement  varies 
from  poor  to  good,  but  the  AiResearch  data  is  self-consistent. 


TABLE  21.  COMPARISON  OF  DROPLET  SIZE  MEASUREMENTS 
TAKEN  AT  C.I.T.  AND  AIRESEARCH  ON 
AXRBLAST  NOZZLE. 


9 


3: 


Airblast 

Pressure 

Drop 

(Percent) 

Air  Assist 
Pressure 

(kPa) 

Fuel  Flow 

Rate 

(kg/h) 

SMD 

Cranfieid/AiResearch 

(Microns) 

4.0 

0 

2.7 

56 

58 

4.0 

69 

29 

25 

4.0 

207 

17.5 

16 

5.5 

0 

45 

51 

5.5 

69 

28 

22 

5.5 

207 

16.5 

14.5 

7.0 

0 

30 

29.5 

7.0 

69 

22.5 

21.5 

7.0 

207 

2.7 

15.5 

13 

4.0 

0 

3.6 

59 

61.5 

4.0 

69 

33 

23 

4.0 

207 

18.5 

16 

5.5 

0 

47 

52 

5.5 

69 

29 

21.5 

5.5 

207 

17 

14 

7.0 

0 

32 

35 

7.0 

69 

27* 

20 

7.0 

207 

3.6 

16 

12 

*24. Su  using  nitrogen  freesing  technique 
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TABLE  22.  COMPARISON  OF  DROPLET  SIZE  MEASUREMENT 
TAXEN  AT  C.I.T.  AND  AIRESEARCI1  ON 
PRESSURE  ATOMIZER. 


i 


Fual  Flow 

Rata 

Air-Aaaiat 

Praaaura 

SMD 

Cranfiald/AiRaaaaroh 

(kg/h) 

(kPa) 

(microns) 

3.2 

0 

53 

76 

3.2 

69 

40 

43 

3.2 

207 

27 

32 

4.5 

0 

53 

43 

4.5 

69 

41 

36 

4.5 

20? 

29 

29 

3*  BMP  Correlation 

Tha  SMD  data  from  two  air-aaaist  airblaat  noailas  waa 
oorralatad  by  using  a modifiad  Riakalla  and  Lafabvra  axpraa- 
aion,20  wharain  airblaat  air  valooity  Vft  waa  raplaoad  by 
as  dafinad  balowi 


\ 

v 

! 

i 


A. 


Total 


V Mm  ■ ft  V 

aff  a a 


nconv  ^aa 


aa 


whara i 


I',;- 


* 


m.  ■ m.  + 

aTotal  * •• 

- Airblaat  airflow  rata 
a 


Aaa  ■ Air-aaaiat  airflow  rata 


V ■ Airblaat  air  valooity 


V ■ Air-aaaiat  air  valooity 
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The  conversion  efficiency  nCQnv  i*  * function  of  air-assist 
passage  pressure  drop  and  nozzle  geometry. 


A typical  correlation  with  a pure/air-assist  airblast 
noszle  atomisation  oharacteriatios  is  presented  in  Figure  66. 

By  using  the  above-mentioned  expression  for  and  n00nv  tqual 
to  unity,  a single  equation  successfully  correlated  SMD  data  of 
the  airblast  nossle  with  and  without  external  air-assist. 


A production  air-assist  pressure  atomiser  nossle  was  used 
for  studying  the  effect  of  external  air-assist  pressure  drop  on 
SMD,  The  measured  data,  presented  in  Table  23,  could  not  be 
correlated  with  a modified  Parker-Hannifin  expression,8  shown 
by  Curve  1 in  Figure  67.  However,  the  data  was  successfully 
correlated  by  the  following  expression! 

TABLE  23.  PRESSURE  ATOMIZER  SMD  DATA. 


Test 

No. 

Air-Assist 

Pressure 

(kPa) 

Fuel  Flow 
(kg/h) 

SMD 

(Micron) 

1 

0 

3.2 

53 

2 

69 

40 

3 

207 

27 

4 

345 

3.2 

Unstable 

S 

0 

4.5 

53 

6 

69 

41 

7 

207 

4.5 

29 

B 

0 

6.6 

50 

9 

69 

43 

10 

207 

6.8 

30 
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Figure  66.  Typical  Pura/Air-Aaaiat  Airblaat  Nozala 
Atomization  Charactariatica . 
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Figur*  67,  External  Air  Aasiatad  Prtaaura  Atomiaar 
SMD  Charactariatioa. 
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SMD  - C (AP M)  Wp0,;L31UPf0*135 

whore  C in  a function  of  noasle  air-assist  pressure  drop.  The 
exponents  of  fuel-flow  rate  (W-,  PPH)  and  fuel  preaaura  drop 
{APf,  paid}  were  taken  from  Hiroyaeu  and  Kadots.  The  constant 
C was  fitted  aa  a function  of  air-assist  pressure  drop.  The 
predicted  values  are  in  good  agreement  with  meaaurments  as 
ahown  in  Figure  67.  The  variation  of  the  constant  C with  air- 
assist  AP^  is  shown  in  Figure  68. 

U.  Transition  Linar  Mixing  Testa. 

A transition  section  mixing  rig  was  used  to  measure  mixing 
of  hot  and  cold  streams  in  a transition  section  wherein  the 
combustor  exit  flow  is  turned  through  100*  to  the  turbine  inlet. 
The  rig  (shown  schomatioally  in  Figure  69)  involved  minor  modi- 
fications to  an  existing  combustor  and  rig.  A photograph  of  the 
modified  combuator  is  shown  in  Figure  70.  Figure  71  shows 
photographs  of  the  rig  installed  in  the  test  facility. 

All  original  combustor  air  orifices  were  blocked.  One  air 
stream  was  provided  from  a manifold  and  entered  through  what 
previously  were  five  atart-noaale  porta  and  10  run-nozale  porta, 
ahown  in  Figure  70.  Fifteen  orifices  were  provided  on  the  ZD 
of  the  combustor  liner  to  admit  the  second  air  stream  via  the 
combustor  annulus.  Circumferential  locations  of  these  orifices 
coincided  with  those  of  the  start-  and  run-nosale  ports. 

A splitter  plato  was  provided  (Figure  70)  to  separate  the 
cold  end  hot  streams  at  the  inlet  to  the  transition  section. 

The  splitter  plate  length  of  8.13  am  wss  estimated  to  be 
adequate  in  order  to  provide  enough  mixing  of  the  individual 
streams  before  joining  et  the  transition  section  inlet. 

Hiroyasu,  H . , and  T.  Kadota,  "Fuel  Droplet  Si^e  Distribution 
in  Dissel  Combustion  Chamber,"  SAB  Paper  740713,  1974. 


Figure  69.  A Schematic  of  the  Transition  Mixing  Rig. 


Figure  70.  Modified  Combustor  Used  for  Transition  Mixing  Tests. 
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Three  total  temperature  (Tfc)  and  one  total  pressure  (Pfc) 
rakes  were  located  5.59  cm  upstream  of  the  transition  section 
inlet.  One  of  these  stationary  10-element  thermocouple  rakes  was 
positioned  ih  line  with  one  of  the  start-noazle  ports,  its  cir- 
cumferential position  being  36  degrees  counterclockwise  from 
the  rig  top  dead  center.  The  second  thermocouple  rake  was  placed 
in  line  with  a run-noaale  port  at  126  degrees  counterclockwise 
and  the  third  thermocouple  rake  was  placed  at  220  degrees 
counterclockwise  between  a start-  and  run-noszle  port.  A sta- 
tionary 10-element  Pt  (Kiel)  rake  was  placed  at  216  degrees 
counterclockwise,  between  nosale  ports.  Four  wall  static  pres- 
sure elements  were  used  to  measure  the  static  pressure  distribu- 
tion immediately  downstream  from  the  splitter  plate.  The  tran- 
sition liner  inlet  channel  height  was  4.5  cm. 

The  transition  liner  exit  had  inside-  and  outside-radii  of 
7.52  and  9.02  cm,  respectively,  giving  the  exhaust  channel 
height  of  1.5  cm.  The  transition  liner  equivalent  mixing  length 
(defined  as  liner  volume/  inlet  flow  area)  was  15  cm  or  2.9 
times  the  inlet  channel  height. 

The  temperature  profile  at  the  transition  liner  exit  was 
measured  by  a rotating  7-element  thermocouple  rake  which  made  a 
complete  360 -degree  sweep  at  15-degree  intervals. 

The  thermocouples  numbered  3,  5,  and  7 were  located  at 
the  some  radial  distance,  but  at  different  circumferential  loca- 
tions. Therefore,  the  measurements  by  these  thermocouples  were 
used  for  checking  the  repeatability  of  the  exhaust  profile 
measurement. 

A set  of  five  data  points  was  first  obtained  with  the  cold 
stream  flowing  through  the  upper  channel  of  the  combustor. 

Another  set  of  five  data  points  was  obtained  with  the  oold 
stream  flowing  through  the  lower  half  of  the  combustor.  Inlet 
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flow  rates,  pressure,  maximum  and  minimum  temperatures,  and 
exit  average  temperature  and  pattern  factor  of  these  10  runs 
are  listed  in  Table  24. 

The  cold  stream  temperature  varied  from  229  to  450  K, 
whereas  the  hot-stream  temperature  varied  from  511  to  670  K. 
Inlet  flow  rates  were  changed  from  0.57  to  1.7  kg/a»  and  inlet 
pressure  was  maintained  at  approximately  1013  kPa. 

Although  there  were  significant  variations  between  the 
inlet  temperature  profiles  at  the  three  circumferential  stations 
measured,  the  difference  between  the  average  and  minimum  values 
of  the  cold  stream  was  quite  small.  The  same  observation  can  be 
made  for  the  hot  stream. 


The  inlet  circumferential  pattern  factor  (PF)  as  defined 
below  is  the  maximum  local  value,  and  did  not  consistently  occur 
at  the  same  circumferential  locations. 

T - T 

pp  - jssss *n 

Tavg 

By  comparing  Scans  1 and  2-1,  one  can  deduce  the  influence 
of  the  location  of  the  cold  stream  with  respoct  to  the  hot 
stream  with  other  parameters  remaining  the  same.  At  first  it 
was  postulated  that  the  residence  times  of  the  hot  and  cold 
streams  and  the  residence-time  ratios  would  influence  the  mixing 
rate.  By  defining  the  transition  liner  mixing  parameters  as 

initial  ' initial'  th*  •«•<*  of  th* 

residence  times  and  attendant  ratios  on  mixing  were  quanti- 
fied as  tabulated  in  the  last  four  columns  of  Table  24}  where 
the  residence  time,  t,  is  defined  as 


Upper  (lower)  Half  Transition  Liner  Volume 
Initial  volume  l^Iow  Rate  Through  Upper  (Lower)  Half" 


of  Combustor 
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By  comparing  these  mixing  parameters  to  the  residence-time 
variations  it  is  quite  evident  that  the  postulate  of  mixing 
dependence  upon  residence  time  is  not  valid  over  the  ranges 
tested.  It  does  appear , however,  that  the  location  of  the  hot 
and  cold  inlet  stream,  i.e.,  whether  the  oold  flow  is  from  the 
outer  and  inner  combustor  annulus,  significantly  influence  the 
mixing  rate,  as  nearly  twice  the  mixing  rates  were  achieved 
with  cold  flow  from  the  inner  annulus. 

The  exit-temperature  profile  for  Soan-1,  shown  in  Figure  72, 
is  three  dimensional.  A flat  average-temperature  profile 
tor  this  run,  as  well  as  other  test  cases,  was  obtained  as  shown 
in  Figure  73.  The  difference  between  maximum  and  minimum 
temperature  profiles  is  quite  large.  The  exit-temperature 
profiles  for  the  other  nine  runs  exhibited  similar  three-dimen- 
sional characteristics.  At  first  glance,  it  could  be  concluded 
that  due  to  the  3-D  flow  effects,  none  of  these  tests  can  be 
used  for  validation  of  the  transition  mixing  model.  Although 
better  controlled  transition  mixing  tests  (which  would  provide 
2-D  inlet  as  well  as  exit  profiles  along  with  more  information 
on  the  inlet  profiles  variation  along  the  circumferential  direc- 
tion) would  be  desirable,  this  data  can  be  used  for  a "first 
level"  validation  of  the  transition  mixing  model  by  using  data 
from  selected  sectors  of  the  transition  liner  as  explained  in 
the  following  paragraphs. 

Figure  74  shows  the  inlet-temperature  profile  in  line  with 
the  start  nozzle  located  at  36  degrees  for  Scan  1;  also  shown 
are  exit-temperature  profiles  at  30  and  45  degrees.  The  exit 
average  temperature  of  490  K at  45  degrees  is  quite  close  to  the 
inlet  T>vg  of  509  K,  whereas  at  30  degrees  Tavg  " 580  K* 
was  also  noticed  that  exit  ?aVg  et  60  degrees  was  437  K.  It 
therefore  appears  that  there  was  probably  some  swirl  in  the 
inlet  stream  which  caused  this  circumferential  temperature  shift. 
The  inlet  PF  of  0.579  was  reduced  to  0.155  and  0.075  at  30  and 
45  degrees,  respectively.  Similar  data  for  the  sector  in  line 


WTT  TSF  = 0J50Q  ST  AVG  - 360  ST  TSF  * 0517 


Figure  72.  Transition  Mixing  Tests 


with  the  main  nozzle  port  is  ahown  in  Figure  74.  The  inlet  Ta 
was  equal  to  490  K at  126  degrees;  the  exit  ?aVg  being  527  and 
469  K at  120  and  135  degrees,  respectively.  Again,  a circum- 
ferential shift  in  temperature  can  be  seen.  The  inlet  PF  was 
equal  to  0.72,  the  exit  PFs  at  120  and  135  degrees  were  0.063  and 
0.169,  respectively. 

From  the  figures  and  results  from  other  test  conditions, 
it  was  concluded  that  the  flow  can  be  considered  approximately 
two  dimensional  in  a given  sector,  and  can  therefore  be  analyzed 
by  the  2-D  transition  mixing  model. 

Figure  75  summarizes  all  experimental  results  in  terms  of 
the  mixing  parameter,  the  residence  time  of  the  hot  stream,  and 
ratio  of  the  residence  times.  Solid  symbols  denote  results  for 
the  oases  where  the  cold  stream  flows  through  the  inner  annulus 
o.f  the  aombustor,  whereas  open  symbols  are  for  the  cold  stream 
through  the  outer  portion.  The  global  mixing  rate,  as  deter- 
mined for  the  T4-traverse  and  shown  as  rectangles,  clearly 
demonstrates  that  improved  mixing  is  obtained  when  the  hot 
stream  is  through  the  upper  half  of  the  combustor.  It  may  be 
noted  that  the  global  mixing-rate  characteristics,  and  not  the 
local  (sector-wise)  mixing,  are  generally  of  greater  interest  to 
the  oombustor  designer.  This  limited  set  of  data  shows  only  a 
weak  dependence  of  the  transition  liner  length  (residence  time) 
and  the  ratio  of  residence  times  on  the  mixing  rate.  The  signi- 


ficant observation  is  that  the  global  mixing-rate  characteristics 
are  influenced  more  by  the  radial  profile  of  temperature  exiting 
from  the  primary,  and  not  by  the  residence  time.  The  equivalent 
mixing  length,  and  the  radii  of  curvature  of  the  liner  are 
important  because  it  is  the  latter  which  favors  the  transfer  of 
hot  gases  toward  the  aenter  of  curvature  of  the  liner  surface 
and  enhances  the  mixing  between  the  hot  gases  from  the  O.D.  with 
cold  gases  from  the  inner  annulus  of  the  combustor. 
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Figure  74.  Transition  Mixing  Test, 
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Figure  75,  Mixing  Parameter  Veraua 
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V . MODEL  VALIDAT ION 


There  wore  three  mein  objectives  of  the  modol-valiu.  >n 
phase.  First,  different  mathematical  models  had  to  be  validated  I 

I 

before  they  could  be  used  with  some  confidence  to  design  and 
teat  two  full-scale  combustor  systems  (the  main  objective  of 
Tasks  II  and  III  of  the  program) . Second,  validation  was  done  \ 

for  the  tost  combustors,  which  closely  simulated  the  test  con-  * | 

ditiona  usually  encountered  in  turbopropulsion  combustion  ays-  l 

terns.  The  third,  and  perhaps  ths  most  important  objective,  i 

was  to  make  predictions  for  the  element  tests  with  minimum  » j 

information  regarding  initial  and  boundary  conditions.  1 

Consider  a typical  combustion  system,  as  shown  schematically  | 

in  Figure  76.  In  order  to  predict  combustor  performance  par am-  1 

eters,  it  la  necessary  to  predict  the  combustor  internal  flow-  } 

field,  which  in  turn  requires  information  concerning  the  follow-  | 

ing  i 

e Airflow  distribution  around  the  liner  i‘ 

e Velocity  components  of  radial  jets 

l 

e Swirler  vane  discharge  velocity  components  i 


Velocity  profiles  at  the  lip  exit  of  cooling  bands 


Spray  characteristics  including  droplet  distribution, 
initial  droplet  velocity  distribution,  and  spray  cone 
angle 


e Turbulence  properties,  such  as  turbulence  kinotic 
energy  and  length  scale,  of  air  antiy  points 
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• Moat-transfer  coefficient  on  the  cold  side  of 
liner  walls. 

e Plow  distortion  at  the  compressor  discharge;  and 
local  distortions  created  by  different  obstacles 
such  as  nozzle  shrouds  and  utility  struts , etc. 

The  airflow  distribution  around  the  combustor  liner  can  be  *< 

calculated  in  principle  by  using  an  annulus  flow  model#  which 
oould  be  as  simple  as  a 1-D  or  as  complicated  as  a 3-D  flow 
model.  If  a 3-D  annulus  flow  model  is  used#  it  will  require  a i 

more  accurate  description  of  the  compressor-discharge  conditions 
than  is  currently  known.  Moreover#  the  airflow  distribution 
will  be  strongly  influenced  not  only  by  oompressor-disoharge 
profiles#  but  also  by  geometrical  datails  of  the  liner  (including 
details  of  plenum  and  diffarant  looal  obstructions  in  the  flow) . 

Since  the  information  on  the  latter  is  not  available#  and  since 
manufacturing  tolarances  cause  variations  in  tha  flow  distribu- 
tion anyway#  the  3-D  annulus  flow  modal  is  not  neadad  during  the 
initial  aombustor-deslgn  phase.  Inatead#  a simple  1-D  annulus 
flow  modsl  is  adequats  for  tha  time  being. 

With  the  1-D  annulus  flow  modsl#  it  is  possible  to  oomputs 
airflow  distribution  around  tha  linsr#  velocity  components  of 
radial  jats#  and  avsraga  heat-transfer  coefficients  for  the  cold 
aide  at  differant  iinar  axial  stations.  The  Sauter  mean  diamater 
and  the  fuel  noasle  spray-cone  angle  can  be  easily  measured  on  a 
nozzle  apray  rig#  but  not  as  easily  in  actual  combustor-flow 
conditions,  4 

The  remainder  of  the  boundary  conditions  cannot  ba  maasursd 
aasily#  and  must  ba  specified.  Even  if  extensive  measurements  * 

are  taken  to  document  these  boundary  conditions  for  a combustor 
installed  in  an  angina#  there  is  no  guarantee  that  another  engine 
will  give  the  same  boundary  conditions.  In  addition,  if  a new 
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combustion  system  is  to  be  developed,  such  measurements  cannot 
be  made  as  no  engine  exists.  So  it  appears  that  the  design  of 
a new  combustion  system,  or  the  analysis  of  an  existing  produc- 
tion combustor,  will  have  to  be  undertaken  with  insufficiently 
specified  boundary  conditions. 

i 

i 

r Consequently,  most  of  the  Task  I element  tests  were  con- 

ducted with  some  of  the  boundary  conditions  known}  whereas 
others,  which  cannot  be  easily  measured  on  production  combustors, 
had  to  be  assumed.  The  objective  was  to  study  the  sensitivity 
of  the  predictions  to  the  boundary  conditions. 

The  following  topics  are  currently  under  intensive  investi- 
gation by  a number  of  researchers: 

• Turbulence 

• Effect  of  turbulence  on  combustion 

• Transfer  of  passive  scalars  such  as  temperature 

• Spray  dynamics,  evaporation,  and  combustion 

• Radiation 

• Smoke 

In  the  present  study,  emphasis  was  put  on  the  first  four  topics. 
The  objective  was  to  compare  measurements  with  predictions  of 
the  model  that  are  based  on  currently  well-developed  and  well- 
tried  mathematical  models  and  their  minor  modifications,  as 
described  in  Volume  III.  The  validation  of  liner  cooling,  jet 
! mixing,  can  combustor  cold  flow  and  reacting  flow,  radiation, 

and  transition-liner  mixing  is  presented  in  this  chapter. 
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A.  Liner  Cooling 


A number  of  studies  have  been  reported  to  evaluate  the  per- 
formance of  different  liner-cooling  schemes.  The  study  reported 
in  the  following  paragraphs  is  limited  in  scope  in  that  the 
emphasis  is  placed  on  computing  hot-Bide  heat-transfer  rate  only. 
By  using  suitable  expressions  for  the  cold-side  heat-transfer 
coefficients,  the  approach  presented  here  can  be  used  for  pre- 
dicting wall- temperature  levels  and  gradients  of  combustor  liners 
that  employ  advanced  cooling  schemes.  Therefore,  results  are 
presented  only  for  the  conventional  flow-cooling  geometry  experi- 
mentally studied  in  this  program,  and  as  reported  in  Seation 
IV. A. 2.  The  corresponding  flow  conditions  were  previously 
reported  in  Table  3. 

A 2-D  elliptic  program  was  used  to  compute  initial  profiles 
of  velocity,  temperature,  turbulence  kinetic  energy  and  dis- 
sipation rate  in  the  region  immediately  downstream  from  the 
cooling-slot  lip.  The  initial  free-stream  velocity  and  tempera- 
ture profiles  were  taken  to  be  uniform.  The  turbulence  kinetic 
energy  and  length  scale  were  taken  to  be  0.003  and  0.02  Ay, 
where  is  the  free-stream  velocity,  and  Ay  is  the  normal 

distance  from  the  wall.  For  the  cooling  slot,  turbulence  kinetic 

2 

energy  and  length  scale  were  assumed  to  be  equal  to  0.02  U and 

s 

0.02  h , respectively;  where  U and  h are  the  slot  velocity  and 

S S3 

slot  height,  respectively.  The  initial  slot-stream  temperature 
was  assumed  to  be  equal  to  the  measured  annulus  air  temperature. 
Annulus  air  velocity  and  slot  velocity  were  taken  from  the 
measurements . 

For  the  downstream  region,  which  did  not  have  a reverse-flow 
region  created  by  the  splash  plate,  the  wall-cooling  model  was 
used  far  predicting  liner  wall  temperature  as  a function  of  X 
and  liner-pressure  drop.  The  liner  test  section  was  divided 
into  200  cross-stream  nodes,  with  60  ot  these  distributed  within 
the  slot  height  of  1.91  mm.  The  marching  step  size  was  taken  to 
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be  0.1  h • Figures  77  through  01  Bhow  a comparison  between 
predicted  and  measured  wall  temperatures  for  Set-1  through 
Set-5  listed  in  Table  2.  The  effect  of  the  initial  slot- 
velocity  profile  on  predictions  is  shown  in  the  figures.  The 
slot  axial-velocity  profile  was  computed  by» 
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where  0 is  the  average  slot  velocity , and  Ay  is  the  distance 
s 

from  the  liner  wall  or  splash  plate. 

As  shown  in  Figures  77,  78,  and  79  for  the  case  of  pressure 
drops  encountered  in  reverse-flow  combustorB,  the  agreement 
between  predictions  and  data  is  quite  good.  However,  the  cor- 
relation is  not  so  good  with  higher  pressure-drop  cases,  as  shown 
in  Figures  80  and  81,  due  to  the  following  reasons.  Because  of 
the  high  pressure  drop  with  attendant  high  jet  velocity,  the 
initial  slot-velocity  profile  is  significantly  different  from 
the  assumed  symmetric  profile.  In  addition,  the  turbulence 
level  is  greatly  increased.  Nevertheless,  predictions  are 
reasonable  enough  to  ensure  the  usefulness  of  the  wall-cooling 
model  for  predicting  liner-wall  temperatures  for  reacting  flows. 

B.  Jet  Mixing. 


The  3-D  elliptic  program  was  used  to  correlate  jet-mixing 
data  presented  previously  in  Section  IV. B.  The  computation  was 
Btarted  with  initial  conditions  specified  for  an  x-y  plane 
6.35  cm  upstream  from  the  jet  centerline.  Temperature  profiles 
were  measured  at  the  initial  plane.  The  axial  velocity  was 
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Figure  78.  A comparison  Between  Predicted  and  Measured 
Liner  Vfall  Temperatures  for  Set-2  of 
Table  2. 
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assumed  to  be  uniform  and  was  calculated  from  the  measured  mass 
flow  rate  and  arithmetically  averaged  temperature  and  known  main- 
stream pressure.  The  mainstream  and  jet  turbulence  kinetic 
energy  was  assumed  to  bet 

k - 0.003  U2 


The  length  scale  distribution  for  the  mainstream  was  assumed  to 
be  given  byt 


& •»  0.238  y , where  y is  the  radial  distance  from  the  wall. 
On  the  other  hand,  for  an  orifice  of  diameter  D,  l - 0.238D. 


Based  on  the  total  and  static  pressure  drops  across  the 
test  section  liner  wall,  the  jet  angle  was  assumed  at  00  degrees. 
The  jet  velocity  was  calculated  from  the  ^iner  pressure  drop. 

The  test  section  of  interest  was  divided  into  a number  of 
unevenly-spaced  finite-difference  nodes,  such  as  presented  in 
Figure  02  far  the  4-opposing  jet  case.  A 90-degree  sector  of 
the  teat  section  was  divided  into  30  x 15  x 18  nodes  along  the 
axial,  radial,  and  circumferential  directions,  respectively. 

The  dilution  jet  was  represented  by  4 nodes,  as  shown  in  Figure 
82.  The  major  criterion  of  convergence  was  cumulative  mass  resid- 
ual defined  ast 


s " SijJc  Sijk 


where  i*  the  mass  continuity  error  for  the  node  (i,j,k). 

The  convergence  was  assumed  to  be  achieved  when  S <0.001.  The 
maximum  S.^  was  of  the  order  of  0.00001,  and  the  corresponding 
variation  in  the  axial  velocity  component  between  the  last  two 
iterations  was  around  0.2  percent.  Typically,  100  iterations 
wers  needed  to  achieve  convergence  with  a new  case. 


i wt  kW.i 


Figure  83  presents  the  effect  of  cumulative  mass  residual, 

S,  on  predicted  isothermal  lines  along  an  x-y  plane  in  line  with 
the  dilution  jet.  Predicted  profiles  in  the  region  upstream  and 
slightly  downstream  from  the  jet  origin  are  relatively  unchanged 
from  S ■ 0.01  to  0.002.  However,  further  downstream  the  pro- 
files are  quite  different. 

The  effect  of  initial  jet  angle  on  the  predicted  profiles  is 
shown  in  Figure  84  for  the  x-y  plane  in  line  with  the  jet.  The 
predicted  jet  trajeatory  agrees  reasonably  well  with  the  data 
when  the  jet  angle  equals  80  degrees.  As  expected,  the  results 
were  significantly  affected  by  initial  jet  angle. 

Model  predictions  were  made  by  assuming  an  effective  Prandtl 
number  equal  to  0.9,  and  an  effective  Schmidt  number  for  turbu- 
lence kinetic  energy  equal  to  0.9.  As  presented  in  Figure  85, 
the  effect  of  change  in  effective  Prandtl  number  from  0.7  to  0.9 
on  predicted  isothermal  lines  is  negligible. 

Figures  86  through  91  present  typical  comparisons  between 
predicted  and  measured  jet  trajectories  and  isothermal  profiles. 
The  effect  of  jet-momentum  ratio  on  the  predicted  profiles, 
along  an  x-y  plane  in  line  with  the  orifice  center,  is  shown  in 
Figure  86  for  the  four-opposing  jot  configuration.  Reference 
should  be  made  to  Table  10  in  Section  IV. B for  the  test  flow 
conditions  and  other  parameters,  including  mass-velocity  ratio, 
density  ratio,  and  pressure  drop.  Predicted  jet  trajectory, 
defined  by  the  locus  of  minimum  temperature,  agrees  reasonably 
well  with  the  data.  A comparison  between  predicted  and  measured 
profiles  is  presented  in  Figures  87  and  88  at  different  axial 
stations  for  typically  selected  isothermal  lines.  Figure  87(a) 
and  87(b)  present  measured  isothermal  lines  of  BOO  and  1100  K, 
respectively,  at  x ■ 6.86  cm,  whereaB  the  jet  origin  is  at  x ■ 
6.35  cm.  Predicted  results,  shown  by  dotted  lines,  are  for  x “ 
6.57  and  7.00  am.  As  is  evident,  tho  model  overpredicts  the  jet 
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expansion  rate.  The  same  observation  is  valid  for  another  down- 
stream plane  at  x - 7.37  cm,  as  shown  in  Figure  87(c)  and  (d) . 
However,  further  downstream  at  x - 8.13  cm,  the  jet  core  (T  - 
800  K)  is  underpredicted  whereas  the  peripheral  isothermal  line  is 
overpredicted,  until  x » 9.14  cm,  shown  in  Figure  87(h).  Beyond 
x = 9.14  cm,  3hown  in  Figure  88,  the  model  underpredicts  the 
area  under  T « 1100  K isothermal  lines.  Nevertheless,  the  model 
gives  reasonably  good  agreement  with  the  data  considering  ten 
radial  thermocouples  were  used  to  define  the  profiles.  Figures 
89  and  90  present  comparison  for  moderate  and  high  jet-momentum 
ratios  of  20.9  and  65.1,  respectively.  For  the  moderate  J,  the 
model  underprediots  jet  expansion  along  the  circumferential 
direction,  except  in  the  region  close  to  the  jet  origin.  However, 
for  J « 65.1,  the  model  slightly  overpredicts  the  jet  shapes,  aB 
shown  in  Figure  90. 


Figure  91  shows  a comparison  between  predicted  and  measured 
jet  trajectories  of  the  six-opposing  jets  at  different  jet- 
momentum  ratios.  The  model  overorediots  jet  penetration  at  low 
values  of  jet-momentum  ratio,  but  gives  good  agreement  for 
moderate- to-high  jet-momentum  ratios.  The  corresponding  jet 
shapes  are  shown  in  Figures  92  through  96. 

Finally,  Figure  97  shows  results  for  a two-row  staggered 
six-opposing  jet  configuration  at  a low  jet-momentum  ratio  of 
4.5.  The  model  overpredicts  penetration  for  the  first  jet,  but 
gives  good  agreement  with  the  second- jet  data. 


It  therefore  can  be  concluded  that  3-D  model  predictions 
are  in  reasonably  good  agreement  with  measurements.  Further 
improvement  is  needed  in  regard  to  the  jet  expansion  rate. 
Nevertheless,  the  3-D  model  can  be  used  for  studying  mixing  of 
transerve  cold  jets  with  confined  hot  stream.  Figures  98  and  99 
present  predicted  isothermal  plots  for  a two-row  inline  six- 
opposing  dilution  jet  with  a liner  pressure  drop  of  2 percent. 
The  first-row  jet  originates  at  x « 6.35  cm,  whereas  the 
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Figure  94.  Comparison  Between  Predicted  and  Measured 
Isothermal  Lines  of  a Six-Opposing  Jet, 

J ■ 17.3,  Sot-3  of  Table  11. 
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Figure  96.  Comparison  Between  Predicted  and  Measured 
Isothermal  Lines  o£  a Six-Opposing  Jet/ 
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second-row  orifice  is  located  at  x ■ 10.59  cm.  The  development 
of  the  first-row  jet  continues  and  is  fully  developed  at 
x “ 9.91,  which  is  located  0.68  cm  upstream  from  the  second  row. 
The  jet  has  penetrated  a radial  distance  of  2.1  cm.  The  corres- 
ponding hot  stream  maximum  temperature  is  less  than  the  initial 
maximum  temperature  of  1250  K.  Figure  99  shows  the  development 
of  the  second-row  jet.  The  jet  shape  is  maintained  up  to  x ■ 
20.32  cm;  i.e.,  9.73  cm  downstream  from  the  second  row.  The 
corresponding  jet  penetration  is  3.6  cm.  Consequently,  the  hot 
core  of  1200  K near  the  can  centerline  has  not  been  dissipated 
by  employing  2 rows  of  12  jets. 


C.  Can  Combustor  Cold-Flow  Mappinc 


The  3-D  elliptic  flow  program  was  used  to  predict  internal 

profiles  of  the  can  combuator,  shown  previously  in  Figure  43; 

the  corresponding  test  conditions  were  presented  in  Figure  46. 

A 60-degree  sector  of  the  combustor  was  divided  into  32  x 16  x 14 

finite-difference  nodes  along  axial,  radial,  and  circumferential 

directions,  respectively.  Figure  100  shows  the  grid  spacing. 

The  primary  jet  was  simulated  by  six  finite-difference  nodes, 

whereas  the  dilution  jet  was  simulated  by  four  nodes.  Airflow 

distribution  around  the  liner  was  calculated  by  the  annulus  flow 

model.  Jet  velocities  were  calculated  from  measured  liner- 

pressure  drop  and  the  Mach  tables.  The  radial  jet  angle  was 

estimated  to  be  90-degrees.  The  turbulence  kinetic  energy  and 

2 

length  scale  of  the  radial  jet  were  assumed  to  be  0.003  and 
0.02  D j , respectively;  where  Vj  and  Dj  are  the  radial  jet  vel- 
ocity and  diameter.  Similarly,  turbulence  kinetic  energy  and 

2 

length  scale  associated  with  cooling-slot  air  were  0.003  U( 
and  0.02  S,  respectively.  Hare,  Ug  denotes  slot-air  velocity 
and  3 is  the  slot  height,  respectively.  The  dome  inclined  wall 
was  simulated  by  broken  lines  indicated  in  Figure  100,  where  a 
continual  increase  in  the  flow  area  was  substituted  by  three  jumps 


in  the  cross-section  flow  area.  Further  improvement  in  the 
inclined-wall  simulation  could  be  achieved  by  increasing  the 
number  of  X-nodes  near  the  inlet  with  a loss  in  the  resolution 
somewhere  else  in  the  flow  field. 


The  calculations  were  initiated  for  all  of  the  three  test 

oases  with  assumed  uniform  profiles  so  that  the  convergence  rate 

could  be  checked  as  a function  of  combustor  pressure  drop  and 

airflow  rate.  Convergence  waa  checked  by  comparing  maximum 

nodal  mass  residual i cumulative  mass  residual;  total  mass  flux 

error  at  the  combustor  exit  planar  the  variations  in  pressures 

for  the  nodes  (2,  15,  2)  and  (31,  15,  2)r  and  variations  in 

axial,  radial,  and  tangential  velocity  components  for  the  node 

having  the  maximum  mass  residual.  The  convergence  rate  was 

quite  fast  for  achieving  a cumulative  mass  residual  of  0.05  W.  j 

*3 

it  was  moderate  for  achieving  an  error  of  0.01  W.  , and  quite  Blow 

«3 

for  getting  down  to  0.005  . The  corresponding  maximum  nodal 

mass  residual  waa  typically  3.0  x 10“5  W_  , and  the  exit  plane 

-4  a3 

mass  residual  was  1.0  x 10  W.  . The  pressure  variations 

*3 

between  successive  iterations  were  of  the  order  of  0.5  percent. 

The  maximum  nodal  mass  residual  waa  generally  at  a node  with 
either  small  valoaity  components  or  with  large  gradients. 

Typical  variations  in  axial,  radial,  and  tangential  velocity 
components  for  the  node  with  maximum  mass  residual  were  of  the 
order  of  0.04  m/s. 

Figures  101  through  106  present  a comparison  between  pre- 
dicted and  measured  axial-velooity  profiles  for  the  three  test 
sets  at  different  x-y  planes  lying  in  line  and  in  between  the 
primary  jet  (shown  previously  in  Figure  43).  The  acouraoy  of 
the  measured  data  was  less  than  satisfactory,  as  oxplained  in 
Section  IV. C>  due  in  part  to  high  turbulence  levels,  and 
errors  introduced  by  the  perturbing  velocity  probe.  Since  the 
pyramid  probe  used  in  this  study  was  originally  designed  for 
measuring  high  subsonic  flows,  such  as  encountered  in  compressor 
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Figure  101.  Comparison  Between  Predicted  and  Measured  Axial  Velocity  Profiles  in 
Different  X-Y  Planes  In  Line  With  Primary  Jet;  Combustor  Airflow 
Sate  = 1.82  kg/s. 
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Figure  103 . Comparison  Between  Predicted  and  Measured 
Axial  Volocity  Profiles  in  Different  X-Y 
Planes  In  Line  With  Primary  Jet / Combustor 
Airflow  Rate  ■ 2.26  kg/s. 
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Figure  103. 


Comparison  Between  Predicted  and  Measured 
Axial  Velocity  Profiles  in  Different  X-Y 
Planes  in  Line  With  Primary  Jet;  Combustor 
Airflow  Rate  ■ 2.26  kg/s. 

(8heet  2 of  2) 


Figure  104,  Comparison  Between  Predicted  and  Measured 
Axial  Velocity  Profiles  in  Different  X-Y 
Pianos  In  Between  Primary  Jet»  Combustor  Air- 
flow Rato  “ 2,26  kg/s. 

(Sheet  1 of  2) 
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Figure  105. 


Comparison  Between  Predicted  and  Measured  Axial 
Velocity  Profiles  in  Different  X-Y  Planes  In  Line 
With  Primary  Jet;  Combustor  Airflow  Rate  «■  2.74 
kg/s. (Sheet  1 of  2) 
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Figure  105.  Comparison  Between  Predicted  and  Measured  Axial 

Velocity  Profiles  in  Different  X-Y  Planes  In  Line 
With  Primary  Jetj  Combustor  Airflow  Rate  - 2.14 
kg/s.  (Sheet  2 of  2) 
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Figure  106.  Comparison  Between  'predicted  and  Measured  Axial 
Velooity  Profiles  in  Different  X-Y  Planes  In 
Between  Primary  Jet,  Combustor  Airflow  Rate  m 
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Figure  106.  Comparison  Between  Predicted  and  Measured  Axial 
Velocity  Profiles  in  Different  X-Y  Planes  In 
Between  Primary  Jet,  Combustor  Airflow  Bate  * 
2.74  kg/s. (Sheet  2 of  2) 


vane  passages,  its  accuracy  at  low  velocities  was  questionable. 
Figure  101  and  102  present  the  comparison  for  the  lowest-a.irf low- 
rate  case;  i.e.,  1.82  kg/s  with  the  corresponding  combustor  ref- 
erence velocity  of  11,7  m/s.  The  predicted  results  were  in 
reasonably  good  agreement  with  measurements  in  the  high-velocity 
region,  such  as  near  the  liner  wall,  close  to  the  combustor  dome 
at  x - 5.99  cm  for  both  x-y  planes  in  line  and  in  between  the 
primary  jets,  in  general,  it  can  be  said  that  the  predictions 
are  in  qualitatively  good  agreement  with  measured  axial-velocity 
profiles,  A similar  level  of  qualitative  correlation  was  obtained 
for  both  radial  and  tangential  velocity  components.  In  order  to 
further  improve  the  flow  model,  it  will  be  desirable  to  undertake 
internal  veloaity  measurements  of  the  can  combustor  by  using  a 
laser-Doppler  velocimeter. 

The  3-D  elliptic  program  can  provide  detailed  understanding 
of  the  combustor  internal  flow  field,  including  turbulence  prop- 
erties. Figure  107  presents  the  predicted  reverse-flow  region 
for  both  isothermal  and  reacting  flow  fields.  The  cold-flow 
recirculation  zone  extends  up  to  the  dilution  orifices,  and 
encompasses  two  small  positive-velocity  regions  located  slightly 
downstream  from  the  dome  and  near  the  can  center  (around  x ■ 9 
and  12  om) , With  reacting  flow,  however,  such  as  shown  for 
Set-13  of  Table  16,  the  recirculation  extension  beyond  the 
primary  orifice  is  quite  small.  The  recirculation-zone  volume 
was  relatively  unaffected  by  the  reference  velocity.  On  the 
other  hand,  the  turbulence  kinetic-energy  profiles  changed  with 
the  reference  velocity.  Figures  108  and  109  show  predicted  pro- 
files of  turbulence  kinetic  energy  (k)  at  liner-pressure  drops 
of  5 and  7.4  percent,  respectively.  The  results  are  shown  for 
the  three  x-y  planes  along  6 ■ 0,  14,  and  27.7  degrees;  whereas 
the  primary  and  dilution  jetB  are  located  at  0 ■ 30  degrees. 

The  profiles  of  the  0*0-  and  14-degree  planes  are  approximately 
similar,  but  the  profiles  for  the  plane  close  to  the  transverse 
jets  are  quite  different.  The  transverse  jets  create  a high 
turbulence  region  behind  the  jet,  as  well  as  along  the  radial 

235 


i 


Figure  107.  Predicted  Reveree-Flow  Region  (V <0)  With  and 
Without  Combustion  for  the  Plane  In  Line  With 
Primary  Jot. 
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direction.  Whereas  the  primary  jet  creates  a maximum  k value 
along  the  radial  direction  in  the  plane  in  line  with  the  jet, 
the  dilution  jet  creates  more  turbulence  near  6 • 14  degrees. 

The  level  o£  k increases  with  an  increase  in  liner-pressure  drop, 
as  inferred  from  Figures  108  and  109. 

D.  Can  Combustor  Reacting  Flow  Mapping. 

The  3-D  combustor-performance  model  was  used  to  predict 
internal  profiles  of  the  can  combustor,  shown  previously  in 
Figure  52,  to  correlate  emission  data  with  natural  gas  and 
Jet-A  fuel.  The  relevant  combustor- flow  conditions  and  param- 
eters for  emissions  mapping  were  tabulated  in  Tables  15  and  16. 

A 60-degree  sector  of  the  combustor  was  divided  into  32  x 16  x 
14  finite-difference  nodes  along  axial,  radial,  and  circumferen- 
tial directions,  respectively.  A number  of  computer  runs  were 
made  to  achieve  an  acceptable  two-step  reaction  scheme  that 
gives  reasonably  good  comparison  with  measured  data.  The  reac- 
tion rate  for  fuel  is  taken  to  be  the  minimum  of  the  following 
three  rate  expressions! 


V Dn  tm  Im  sn2fm  V ^ "E/RT 

K1  P tofu*  (nW  (mox>  e 


mil  ■ 


'Turb 


CR1  " mfu  E 
c.  c’-fil 


"iox,Turb  " l'R1  T E (3) 

Equation  (1)  represents  the  fuol  oxidation  rate  as  deter- 
mined by  chemical  kinetics.  The  overall  reaction  order  (n)  is 
equal  to  ni+n2+n3 ’ The  computer  run  for  natural  gas  was 

made  with  k^,  n,  n^,  n2  and  E,  as  given  by  Williams,  Hottel,  and 
Morgan24,  expressed  in  S.I.  units i 


Williams,  G.C. , H.C.  Hottel,  and  A.C.  Morgan,  "The  Combustion 
to  Methane  in  a Jet-Mixed  Reactor,"  Twelfth  Symposium  (Inter- 
national) on  Combustion,  The  Combustion  Institutes  (1969). 
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Similarly,  for  CO  oxidation,  the  following  equation  was  uaedt 

(5) 


RCO,ch  " 6*4  X 10°  p2 
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The  effect  of  turbulence  on  combustion  was  taken  into  account 
by  using  Equation  2 only  with  CR1  "1.  A similar  expression  was 
used  to  obtain  ^co,Turb‘  A£tar  a number  of  computer  runs,  the 
following  set  of  equations  was  found  to  give  reasonably  good 
agreement  with  data  for  natural  gast 
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where  i^  and  i2  are  stoichiometric  oxygen-to-fuel  and  oxygen-to- 
CO  ratios  for  the  two-step  scheme.  The  i^  for  natural  gas  and 
Jet-A  fuels  is  2.93  and  2.26,  respectively.  The  corresponding 

I C 14 

values  of  k were  2.0  x 10  and  3.3  x 10  . The  stoichiometric 

o 

oxygen- to-CO  ratio  is  0.57. 
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Figure  110  presents  a comparison  between  predicted  and 
measured  profiles  of  unburned  fuel  (HC)  for  the  x-y  plane  lying 
in  betwoen  the  primary/dilution  jets  (refer  to  Figure  52  for 
combustor  geometrical  details).  The  x-y  planes  in  between  the 
primary  jet  have  bean  arbitrarily  denoted  by  0 - 0 degrees,  thus 
making  the  0 location  of  the  plane  in  line  with  the  jet  equal  to 
30  degroes.  The  results  disoussed  in  Figures  110  through  124  are 
for  Set-2  of  Table  15  with  the  natural  gas  burning  at  2,0  atmos- 
pheres, with  a combustor  inlet  temperature  and  pressure  drop  of 
369  K and  3.28  percent,  respectively.  It  may  be  recalled  that 
the  primary  and  dilution  orifiaes  are  located  at  9.09  and  17.21 
cm  from  the  nozzle  face,  respectively.  The  predicted  recircula- 
tion zone  extended  up  to  approximately  x - 9.75  cm.  Consequently, 
the  first  two  stations  presented  in  Figure  92,  i.e.,  x - 6.0  and 
8.5  am,  are  expected  to  contain  the  regions  of  reverse  flow.  The 
next  three  stations,  x ■ 10,  13,  and  15,  lie  in  the  intermediate 
zone  between  the  primary  and  secondary  orifices;  whereas  the  last 
two  stations  are  in  the  dilution  zone. 


Figure  111,  like  Figure  110,  showB  a comparison  between 
measured  and  predicted  HC  for  the  x-y  planes  along  9 * 15  degrees. 
The  radial  profiles  for  the  first  four  axial  stations  are  sim- 
ilar for  both  0 « 0-  and  15-degree  planes,  indicating  approxi- 
mately a two-dimensional  flow  field  with  little  variation  along 
the  circumferential  direction.  This,  however,  does  not  imply 
that  a 2-D  elliptic  program  could  be  used  for  analyzing  practical 
aonbustor  geometry  (such  as  shown  in  Figure  52),  because  ouah 
an  approximation  would  not  give  backflow  created  by  strong  pri- 
mary jets.  The  profiles  for  the  x-y  plane  (0  ■ 30  degrees)  in 
line  with  the  primary  jet,  as  shown  in  Figure  112  are  signifi- 
cantly different  from  thoso  of  the  9 ■ 0-  and  13-degree  planes. 

The  profiles  for  the  last  three  stations;  i.e.,  x - 15,  19,  and 
21  cm,  for  both  0 * 0-  and  15-degree  planes  are  slightly  dif- 
ferent. 
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Figure  110.  Comparison  Between  Predicted  and  Measured  Unburnad 
Fuel  at  Different  X-Y  Planes  ( 0 • 15 0 ) In  Between 
Primary  Jets  ( 0 - 30°)  for  Set-2,  Table  15. 

(Sheet  1 of  2} 


H0  RADIUS  (CM)  6.33  I 

Figure  110.  Comparison  Between  predicted. and  Measured  Unburned 
Fuel  at  Different  X-Y  Planes  (0*  0°)  In  Between 
primary  Jet  (0*  30s)  for  Set-2,  Table  15. 
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Figure  111. 


Comparison  Between  Predicted  and  Measured  Unburned 
Fusl  At  Different  X~Y  Pianos  (0  ■ 15°)  (Aa  Compared 
to  the  Primary  Jet  Located  at  9 ■ 30#)  for  Set-2, 
Table  15.  (Sheet  1 of  2) 


Figure  112  gives  a comparison  between  measured  and  predic- 
ted HC  for  the  x-y  plane  in  line  with  the  primary  -nd  dilution 
jets.  The  measurement  errors  for  this  plane  were  expected  to  be 
quite  large,  compared  to  the  8=0-  and  15-degree  planes  because 
of s first,  large  transverse  flow  induced  by  radial  jets;  and 
second,  blockage  introduced  by  the  probe  in  allowing  the  primary 
jet  air  to  go  upstream.  The  quality  of  correlation  and  shape  of 
the  profiles  for  the  first  two  stations  of  the  8 ■ 30**degree 
plane  are  comparable  to  those  of  the  6 ■ 0-degree  plane.  However, 
t x « 10  cm,  due  to  the  presence  of  the  primary  jet,  the  peak 
is  around  Y ■ 2 cm  for  the  in-line  plane  (0  » 30  degrees),  com- 
pared to  the  0 * 0-degree  plane  where  the  peak  is  closer  to  the 
liner  wall.  Slightly  downstream,  at  x ■ 13  cm,  the  profiles  are 
similar  for  both  planes,  although  the  peak  is  about  an  order  of 
magnitude  smaller  for  the  plane  in  line  with  the  jet.  A Bimilar 
trend  is  observed  at  x ■ 15  cm. 


Significant  measurement  errors  are  introduced  by  the  physi- 
cal presence  of  the  emission  probe  in  a recirculating  flow  field. 
In  order  to  estimate  the  measurement  errors,  the  3-D  model  was 
run  for  Set-2  with  the  emission  probe  placed  in  line  with  the 
primary  jet  at  x = 8.5  am.  Figure  113  compares  predicted  pro- 
files of  fuel/air  ratio,  unburned  fuel,  CO,  and  axial  velocity 
component  with  and  without  the  blockage  introduced  by  the 
emission  probe.  Also  shown  in  Figure  113  are  measured  values. 

The  presence  of  the  probe  stops  the  primary  jet  air  from  going 
toward  the  dome,  with  the  attendant  abaenae  of  the  reverse-flow 
region  near  the  combustor  center,  as  shown.  Consequently,  with 
probe  blockage,  significantly  higher  levels  of  total  fuel  are 
predicted  near  the  combustor  center,  as  compared  to  the  results 
without  bloakaga.  The  reverse  is  true  near  the  liner  wall.  A 
difference  of  up  to  an  order  of  magnitude  in  predicted  fuel/air 
ratio  exists  between  results  with  and  without  probe  blockage, 
thereby  making  it  difficult  to  verify  the  model  within  the  pri- 
mary aone. 
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Figure  112.  Comparison  Between  Predicted  and  Measured  Unburned 

Fuel  at  Different  X-Y  Planes  In  Line  With  the  Primary 
Jet  (6  - 30*)  for  Set-2,  Table  15  {Sheet  1 of  2). 
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Figure  112*  comparison  Between  Predicted  and  Measured  Unburnad 
Fuel  at  Different  X-Y  Planes  in  Line  With  the  Prima: 
Jet  (0-  30°)  for  Set-2,  Table  15  (Sheet  2 of  2). 


The  effect  of  probe  blockage  on  predicted  HC  profiles  is 
even  more  pronounced/  as  shown  in  Figure  113.  The  upstream  flow 
induced  by  the  primary  jet/  without  the  physical  presence  of 
the  probe/  reduces  the  IIC  concentration  near  the  center  by  three 
orders  of  magnitude,  compared  to  what  one  obtains  with  the 
blockage.  However/  a relatively  small  effect  is  felt  on  the  CO 
profiles. 

At  x « C cm,  the  radial  profiles  of  predicted  and  measured 
HC  are  qualitatively  similar.  The  modal  underprediots  the  fuel 
oxidation  rate  over  the  entire  combustor  radius.  Further  down- 
stream at  x 8.5  am,  i.e.,  0.6  am  upstream  from  the  center  of 
the  primary  orifices / the  predictions  for  the  center  half  of  the 
can  combustor  do  not  agree  qualitatively  with  the  datar  although 
the  agreement  for  the  region  beyond  Y - 3 cm  is  quite  good.  The 
model  predicts  two  regions  of  minimum  HC  at  approximately  Y « 

1.5  cm  and  close  to  the  liner  wall.  Since  the  fuel  nozzle 
(Figure  72)  axially  injects  the  gaseous  fuel  near  the  combustor 
centerline,  a maximum  level  of  HC  is  expected  to  be  near  the  can 
center,  such  as  shown  for  x » 6 cm,  until  the  upstream  flow  from 
the  primary  jet  displaces  it  toward  the  liner  wall  for  the  x-y 
plane  in  between  the  primary  jet.  Consequently,  it  appears  that 
predictions  for  x - 9.5  cm  appear  to  be  more  plausible  than  the 
measurements , as  shown. 

At  x ■ 10  cm,  i.e.,  approximately  1 cm  downstream  from  the 
primary  jet,  the  radial  profiles  of  predicted  and  measured  HC 
are  again  in  qualitatively  good  agreement,  although  the  model 
now  overprediats  the  fuel-oxidation  rate  for  the  region  alose  to 
the  center.  The  predicted  HC  is  lower  than  the  measured  values 
by  up  to  a factor  of  ten.  At  x ■ 13  cm,  i.e.,  4.21  cm  upstream 
from  the  dilution  jet,  predictions  agree  reasonably  well  for  the 
outer  half-radius  of  the  combustor.  Whereas  predictions  show 
similarity  of  the  radial  profiles  at  x » 10  and  13  cm,  with  a 
continual  oxidation  of  fuel  over  the  combustor  height,  measure- 
ments show  the  freezing  of  the  reaction  near  the  combustor 
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cantor.  Due  to  the  impinging  primary  jets,  the  combuator  center 
is  expected  to  have  high  turbulence  with  its  attendant  increase 
in  the  fuel-oxidation  rate)  and  one  is  at  a loss  to  explain  a 
sudden  loss  in  reactivity  near  the  center,  as  inferred  from  the 
data  at  x ■ 13  cm.  It  therefore  appears  that  the  data  at  both 
the  x - 13  and  IS  cm  locations  must  have  considerable  measure- 
ment errors  due  to  the  physioal  presence  of  the  probe.  Neverthe- 
less, it  appears  that  the  model  is  underpredicting  HC  in  this 
region,  as  well  as  for  the  dilution  tone,  by  two-orders  of 
magnitude. 

In  the  dilution  zone  at  x - 19  and  21  cm,  the  predicted 
profiles  are  in  qualitative  agreement  with  the  data.  Although 
predicted  values  are  lower  than  measurements  by  up  to  two  orders 
of  magnitude,  the  absolute  values  are  too  small  to  cause  signi- 
ficant errors  in  the  computed  combustion  efficiency  (as  shown 
later  in  Figure  120) . 


Figure  114  presents  a comparison  between  predicted  and 
measured  profiles  of  CO  for  the  planes  in  between  the  primary 
and  dilution  jets  for  Set-2  of  Table  15.  The  corresponding  HC 
profiles  were  previously  presented  in  Figure  110.  Relatively 
flat  profiles  of  CO  were  measured  for  the  first  four  axial 
stations  in  contrast  to  those  of  HC.  The  model  overpredicts  CO 
in  the  region  up  to  x ■ 13  cm)  further  downstream  the  model 
underprodicts  the  data.  At  x - 6 cm,  the  location  of  the  peak 
is  determined  by  the  rate  of  fuel  oxidation,  and  diminution  of 
CO  by  cooling  air  and  CO  oxidation  rate.  At  x «*  0.5  cm,  the 
profiles  of  CO  and  HC  are  quits  similar.  The  quenching  of  CO 
near  the  combustor  center  is  due  to  the  radial  jet  penetration 
for  the  region  downstream  from  x - 13  cm. 
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Like  HC  predictions,  the  radial  profiles  for  the  first  two 
stations  along  the  8 * 0-  and  15-degree  planes  are  similar,  as 
shown  in  Figures  115  and  116,  indicating  again  a 2-D  flow  field 
for  this  region.  Minor  variations  along  the  8 direction  exist 
at  x ■ 10  and  13  cm.  However,  significant  variation  in  the 
profiles  (up  to  a factor  of  3)  exists  for  the  last  three  stations 
of  the  0 ■ 0-  and  15-degree  planes,  as  shown.  Figure  116  shows 
the  corresponding  profiles  of  CO  for  the  x-y  plane  in  line  with 
the  primary  jet. 

Figures  117,  110,  and  119  present  predicted  and  measured 
fual/air-ratio  profiles  for  the  x-y  planes  along  8 - 0,  15,  and 
30  degrees,  respectively.  At  x * 6 cm  there  was  qualitatively 
good  agreement  between  predictions  and  data.  However,  the  model 
predicted  an  extremely  rich  fuel  region  near  the  center.  This 
discrepancy  between  the  model  and  data  can  be  partly  explained 
as  follows.  It  was  assumed  that  the  fuel  was  exiting  the  nozzle 
as  an  axial  jet  with  veloaity  computed  from  the  nozzle-pressure 
drop;  which  in  the  aase  of  Sot-2,  the  initial  fuel  jet  veloaity 
was  estimated  to  be  57.9  m/s.  Consequently,  the  fuel  jet  estab- 
lished a positive  axial  velocity  field  near  the  center  that 
extended  up  to  x - 7.5  cm.  The  length  of  this  region  could  be 
reduced  by  either  decreasing  the  fuel  jet  initial  velocity,  or 
by  imparting  some  radial  velocity  component  to  the  fuel  jet. 
Neither  of  these  were  attempted  as  it  is  well  known  that  it  is 
possible  to  improve  model  correlation  by  changing  boundary  condi- 
tions. Since  boundary  conditions  such  as  these  are  not  properly 
known  in  practical  combustors,  the  view  taken  was  that  one 
should  not  generally  expect  good  correlation  near  the  nozzle 
boundaries. 


I 
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The  poor  comparison  achieved  from  the  x Q.S  cm  location  ) 
was  due  to  measurement  errors  caused  by  the  perturbing  emission  1 
probe,  as  previously  discussed  in  Figuro  113,  especially  for  j 
the  planes  0 - 15  and  30  degrees.  The  error  is  expected  to  be 
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Figura  116.  Comparison  Bstwaan  Pradiatacl  and  Maaaurad  CO  at 
Difforant  X-Y  Planas  (e  - 30°)  In  Lina  With  tha 
Primary  Jat  (9  « 30*)  for  Sat-5#  Tabla  15 
(Shaat  2 of  2). 
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least  for  the  x-y  plane  in  between  the  primary  and  dilution  jets, 
and  other  planes  lying  further  away  from  the  radial  orifices. 

It  can  be  seen  that  for  the  0 ■ 0-degree  plane  (Figure  117) , 
good  agreement  between  predictions  and  data  was  obtained  for 
x ■ 10,  13,  15,  19,  and  21  om*  On  the  other  hand,  reasonably 
good  correlation  was  achieved  for  the  6-15-  and  30-degree 
planes  at  stations  x ■ 13,  15,  and  21  cm.  For  the  remaining 
stations,  it  is  believed  that  the  quality  of  the  data  is  not 
good  enough  to  make  any  assertion.  Nevertheless,  it  appears  that 
tha  predicted  results  are  plausible. 

Combustion  engineers  are  interested  in  knowing  fuel/  air 
ratio  and  aombustion  efficiency  distributions  at  different 
stations  within  the  combustor.  The  results  presented  in 
Figures  116  through  119  indicated  good  correlation  for  the  fuel/ 
air-ratio  distribution.  Figures  120,  121,  and  122  present  the 
corresponding  results  fo\*  aombustion  efficiency.  Keeping  in 
mind  the  measurement  errors  discussed  for  Figure  113,  the  model 
predictions  are  in  good  agreement  with  measurements.  At 
x - C am,  a minimum  combustion  efficiency  of  5 percent  exists 
near  the  center  (Figure  120) , and  efficiency  reaches  a maximum 
value  of  approximately  90  percent  near  the  liner  wall.  The 
recirculation-zone  combustion  efficiency  iB  around  90  percent 
at  x * 0.5  cm,  whereas  the  minimum  efficiency  is  approximately 
50  peraent  at  Y ■ 4.5  cm.  The  overall  combustion  efficiency  is 
approximately  05  percent  at  x - 10  cm  (i.e.,  0.91  cm  downstream 
from  the  primary  orifices) , with  the  minimum  value  being  65  per- 
cent. A continual  inareaae  in  aombustion  efficiency  continues 
with  increasing  values  of  x,  as  shown  by  predictions  at  x *•  8.5, 
10,  and  13  cm>  the  shape  of  the  profiles  remains  relatively 
similar  for  this  region.  At  x ■ 15  cm  (i.e.,  2.21  am  upstream 
from  the  dilution  jet) , the  predicted  combustion  efficiency  is 
approximately  95  peraent.  The  minimum  is  near  the  center,  which 
should  be  expected  for  a combustor  using  axial  jet  fuel  nozzles. 
This  type  of  radial  profile  is  maintained  for  stations  at 
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Figure  122.  Comparison  Batwaan  Pradiotad  and  Maaaurad  Combustion 
Bffloianoy  Along  0 - 30*  for  Sat-2,  Tabla  15 
(Shaat  1 of  2). 
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x « 19  and  21  cm.  The  shape  of  the  predicted  combustion- 

efficiency  curve  at  x - 19  cm  is  similar  to  measurements.  How-  | 

ever,  at  x - 21  cm,  the  location  of  the  measured  peak  efficiency 

\ 

is  quite  different  from  that  of  the  model.  Nevertheless,  the 
predicted  overall  combustion  efficiency  of  approximately  99  per- 
cent compares  favorably  with  the  measured  value  of  97  percent.  j 

Similar  arguments  apply  to  predictions  and  data  for  the  9 ■ 15-  ^ '» 

and  30-degree  planes  presented  in  Figures  121  and  122.  i 

I 

Before  presenting  comparisons  for  the  remaining  12  sets  of 
emission  mapping,  it  will  be  worthwhile  to  discuss  Set-2  in  ) 

regard  to  regions  where  the  fuel-oxidation  rate  is  controlled  j 

by  ahemical  kinetics,  and  the  rate  of  fuel  and  oxygen  availabil-  | 

| ity.  It  may  be  recalled  that  the  net  fuel-combustion  rate  is  | 

| determined  by  the  minimum  of  the  throe  expressions,  which  oal-  j 

j culate  reaction  rates  as  controlled  by  kinetics,  fuel  concentre-  f 

t tion,  and  oxygen  concentration.  Figure  123  presents  predicted  1 

regions  for  Set-2  of  Table  15  for  the  two  x-y  planes)  i.e.,  ! 

6-0  and  30  degrees.  For  the  plane  in  between  the  primary  jet, 
the  gas  temperatures  in  the  regions  near  the  dome,  the  liner  wall, 
and  the  middle  half  of  the  exit  plane  are  low  enough  to  make  the 
overall  reaation  rate  controlled  by  chemical  kinetics.  The 
region  bounded  by  broken  lines  is  fuel-rich  and  has  high  gas- 
temperature  levels  so  that  the  reaation  rate  is  controlled  by  j 

oxygen.  Regions  like  this  are  prone  to  producing  carbon.  The  f 

rest  of  the  combustion  area  is  controlled  by  the  availability  j 

of  fuel.  The  fuel-limited  region  contains  a small  kinetically-  j 

controlled  region  created  by  the  primary  jet  penetration.  ^ j 

Similarly,  further  downstream  near  the  burner  exit  middle  half, 
the  kinetioally-oontrolled  region  is  created  by  the  dilution  t 1 

jets.  The  regions  predicted  for  the  0 - 30-degree  piano  in 
Figure  123  are  similar  to  those  of  the  0 **  0-degree  plane  inso- 
far as  the  flow  areas  near  the  dome  and  liner  walls  are  concerned. 


The  major  difference  is  in  the  region  covered  by  the  primary  and 
secondary  jet  trajectories/  which  have  further  increased  the 
zones  controlled  by  chemical  kinetics. 


% 


'V, 


Figure  124  chows  the  regions  (similar  to  those  of  Figure 
123)  for  Set-1  of  Table  15.  it  may  be  recalled  that  the  flow 
conditions  for  both  Set-1  and  Set-2  are  identical/  except  the 
former  has  an  overall  combustor  fuel/air  ratio  of  0.006/  as 
compared  to  0.0097  for  Sat-2.  Due  to  a lower  fuel/air  ratio  of 
Set-1/  chemical  kinetics  control  the  reaction  in  most  of  the 
combustor  region.  This/  along  with  the  fuel-escaping  ignition 
within  the  fuel-limited  rogion/  constitutes  a majority  of  the 
inefficiency  at  idle.  Plots  like  Figures  123  and  124  are  very 
useful  for  improving  fundamental  understanding  of  the  aombustion 
processes  occurring  within  a typical  turbo-propulsion  combustor. 


A detailed  discussion  is  given  in  the  following  paragraphs 
for  a test  set  with  Jet-A  fuel.  Set-9  of  Table  16  was  selected 
as  it  had  aomhustor  inlet-flow  conditions  and  a fuel /air  ratio 
similar  to  those  of  Set-2  with  natural  gasf  discussed  in  Figures 
110  through  124.  It  should  be  noted  that  no  attempt  is  being 
made  here  to  compare  the  aombustor  performance  with  liquid  and 
gaseous  fuels  as  the  nozzles  used  in  both  cases  were  quite  dif- 
ferent. As  pointed  out  earlier  in  Section  IV. D/  the  main  reason 
for  selecting  two  different  nozzles  was  to  provide  an  opportunity 
to  test  the  model  predictions  with  data  from  different  combustor 
flow  fields/  as  influenced  by  both  nozzle  characteristics  and 
the  type  of  fuel. 


Figure  125  presents  results  of  fuel/air-ratio  profiles  for 
different  x-y  planes  in  between  the  primary  jet  for  Set-0  of 
Table  16  and  should  be  compared  with  the  resultB  of  natural  gas 
shown  in  Figure  117.  The  predictions  are  in  good  agreement 
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Figure  125.  Comparieon  Between  Predicted  and  Measured  Pro- 
files  of  Fuel/Air  Ratio  for  the  X-Y  Planes 
(6-0)  In  Between  Primary  Jet  (9  » 30* ) for 
Set-8  of  Table  16  (Sheet  2 of  2 ) . 


277 


with  measurements , especially  at  x « 10,  13,  15,  and  21  cm. 
Compared  to  results  with  natural  gas,  the  following  observations 
can  be  made.  At  x ■ 10  cm  using  Jat-A  fuel,  the  centerline 
fuel/air-ratio  is  equal  to  0.016,  whereas  the  peak  value  of 
0,04  occurs  at  Y “ 5.5  cm.  On  the  other  hand,  with  natural  gas 
the  corresponding  values  are  0.015,  0.084,' and  Y'«  4.6  cm.  By 
this  station,  approximately  75  percent  of  the  spray  has  evapor- 
ated, The  improved  mixedness  achieved  with  liquid  fuel  iB  due  to 
a 90-degree  cone,  as  opposed  to  an  axial  jet  produced  by  the 
natural  gas  nozzle,  and  spray  evaporation. 

With  liquid  fuel  the  peak  fuel/air  ratio  of  0.044  occurs 
at  x * 13  cm,  beyond  which  there  is  a continual  decrease  in  the 
peak  value  (signifying  a mixing  proaeBs).  With  natural  gas,  the 
peak  fual/air  ratio  of  0.0B4  occurs  at  x ■»  10  cm.  Of  course, 
the  maximum  value  of  1.0  is  at  the  natural  gas  nozzle  face.  With 
both  fuels,  the  centerline  value  remains  relatively  constant  for 
axial  stations  located  at  x * 10,  13,  and  15  cm.  Due  (in  part) 
to  the  presence  of  dilution  orifices  at  x ■ 17.2  cm,  the 
centerline  value  is  reduced  at  station  x - 19.0  cm.  Further 
reductions  in  the  centerline  value  with  increasing  x is  quite 
small,  indicating  that  the  dilution- jet  penetration  was  more 
or  less  completed  by  x » 19  cm,  with  further  mixing  taking  place 
through  a shear  layer-mixing  process, 

Figure  126  presents  a comparison  between  predicted  and 
measured  profiles  of  fuel/air  ratio  for  the  plane  lying  15 
degrees  from  the  center  of  the  primary  jet,  for  Set-0  conditions 
of  Table  16.  Due  to  large  measurement  errors  at  x - 10  and  19  cm 
(because  of  the  presence  of  primary  and  dilution  jets),  good 
agreement  is  not  expected  at  these  stations.  Relative  to  the 
v-y  planes  in  between  the  jets,  the  profiles  are  similar,  indi- 
cating a 2-D  flow  field  in  the  case  of  liquid  fuel,  as  was 
previously  observed  with  gaseous  fuel.  The  model  correlated 
the  data  rosonabiy  well  at  x - 13,  15,  and  21  cm. 
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Figure  126.  comparison  Between  Predicted  and  Maaaurad  Prof lias 
of  Fuel/Air  Ratio  for  the  6 •*  15*  Plane  for 
Set-8  of  Table  16  (Sheet  2 of  2). 


Figuce  127  presents  fuel/air  ratio  profiles  for  the  x~y 
planes  in  line  with  the  primary  jet.  compared  to  data  for  the 
plane  in  between  the  jet  at  stations  adjacent  to  the  primary  and 
secondary  orifices  (i.e.,  x ■ 10  and  19  cm)  as  shown  previously 
in  Figure  125,  the  results  are  quite  different.  At  x ■ 10  cm, 
the  peak  fuel/air  ratio  values  at  6 ■ 0 and  30  degrees  are  0.021 
and  0.029,  respectively.  The  profile  for  the  region  up  to 
y ■ 4 cm  is  relatively  flat  for  the  in-line  plane,  caused  by 
the  primary  jet.  At  x * 19  cm,  the  corresponding  peaks  are 
0.024  and  0.012.  It  can  therefore  be  concluded  that  at  stations 
close  to  the  radial  injection  points  the  circumferential  varia- 
tion is  quite  small  for  the  region  0 < 0 <,  15  degrees,  whereas 
it  is  significant  around  0 • 30  degrees.  However,  the  ciroumfer- 
ential  variation  for  other  axial  stations  is  quite  small.  This 
is  an  important  conclusion  as  it  justifies  to  some  extent  the 
use  of  the  2-D  liner-cooling,  emission,  and  transition-mixing 
models  used  in  this  program.  However,  as  combustors  with  high 
heat-release  rate  are  designed  with  discrete  transverse  jets, 
there  might  prevail  a 3-D  flow  field  encompassing  most  of  the 
combustor.  In  such  circumstances,  the  usefulness  of  2-D  auxil- 
iary programs  is  expected  to  be  limited. 


A comparison  between  predicted  and  measured  profiles  of 
combustion  efficiency  for  the  x-y  plane  in  between  the  primary 
jet  is  presented  in  Figure  128.  The  correlation  is  reasonably 
good  for  the  first  three  x-stations.  The  results  with  liquid  and 
gaseous  fuel  (Figure  120)  are  quite  different  beoause  of  the 
use  of  different  fuel  nozzles.  It  may  be  recalled  that  the  gas 
noszle  injected  the  fuel  axially,  whereas  the  airblast  nossle 
used  for  liquid  fuel  injection  had  a 90-degree  included  spray 
angle.  This  resulted  in  a lean  primacy  zone  in  the  case  of 
liquid  fuel.  In  addition,  more  fuel  was  deposited  near  the  liner 
wall.  Consequently,  at  x » 10  cm  the  combustion  efficiency  near 
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Figure  127.  Comparison  Between  Predicted  and  Measured  Profiles 
of  Fuel/Air  Ratio  for  the  X-Y  Planes  in  Line  with 
the  Primary  Jet  for  Set-8  of  Table  15  (Sheet  2 of  2) 


it 


the  combustor  center  was  lower  with  liquid  fuel,  and  the  peak 
was  located  near  the  wall.  In  addition,  there  was  a sig- 
nificant drop  in  efficiency  near  the  wall  due  to  wall  quenching. 
The  shape  of  the  curves  were  quite  different  at  x - 13  cm, 
again  due  to  different  noa2le  characteristics.  The  shapes  of 
the  ourves  begin  to  look  similar  at  x - 16  cm,  although  the  drop 
in  efficiency  near  the  center  and  near  the  wall  is  more  pro- 
nounaed  with  liquid  fuel.  A seemingly  poor  correlation  for 
stations  at  x - 19  and  21  am  is  perhaps  due  to  measurement  error 
at  these  stations  because  the  average  combustion  efficiency 
appears  to  be  lower  than  that  at  x ■ 15  cm. 

Figures  129  and  130  present  results  for  the  planes  at  S ■ 

15  and  30  degrees,  where  the  primary  and  dilution  jets  are 
located  at  9 ■ 30  degrees.  Although  it  has  been  pointed  out 
earlier  that  the  measurement  inacauracien  increase  as  6 
approaches  30  degrees,  the  results  are  presented  to  illustrate 
inefficiencies  at  low-power  points  caused  by  the  cooler  primary 
and  dilution  jets.  Notice  a drop  in  efficiency  at  x ■ 10  and 
19  cm  for  the  plane  in  line  with  the  primary/dilution  jet.  Con- 
sequently, combustion  inefficiency  near  the  wall  is  more  for  the 
6 - 30-degree  plane.  It  also  appears  that  the  model  correlation 
with  combustion  efficiency  within  the  dilution  sone  is  less 
satisfactory  with  liquid  than  with  gaseous  fuel.  A plausible 
explanation  ie  an  increased  level  of  wall  quenching  In  the  aase 
of  liquid  fuel,  that  cannot  be  accurately  predicted  by  the 
aombustor  performance  model  due  to  lack  of  required  spaae 
resolution  for  the  region  adjacent  to  the  liner  wall.  Neverthe- 
less, the  model  gives  adequate  correlation  with  measurements  to 
justify  the  usefulness  for  relative  performance  evaluations  of 
combustor  design  changes. 
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Figure  129.  combuetion  Efficiency  Profile*  for  the 
0“  15°  Plane  for  Set-8  of  Table  16 
(Sheet  2 of  2 ), 


comnsnoB  efficiency 

0.80  0.84  0.88  0.92  0.96  . 1.00 


I 

1 


1 


Figure  130,  Combustion  Efficiency  Profile*  for  the 
X-Y  Plane*  In  Line  With  the  Primary  Jet 
for  Set-8  of  Table  16  (Sheet  2 of  2), 
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Figures  131  and  132  compare  predicted  and  measured  profiles 
of  unburned  fuel  and  CO  for  the  x-y  planes  in  betwween  the  pri- 
mary jet  for  Set-8  (liquid  fuel)  and  may  be  compared  with  the 
corresponding  results  of  gaseous  fuel  presented  previously  in 
Figures  110  and  114.  The  correlation  for  the  first  three  axial 
stations  of  the  liquid  fuel  case  is  reasonabley  good/  and  the 
profiles  are  quite  different  from  those  of  the  gaseous  fuel 
(Figure  110).  On  the  other  hand,  the  correlation  with  the  gas- 
eous fuel  data  was  not  good.  A possible  explanation  for  this 
discrepancy  might  be  due  to  poorly  defined  boundary  conditions 
associated  with  the  gas  nozzle;  in  the  case  of  liquid  fuel,  an 
increase  in  HC  quenching  near  the  center  and  liner  wall.  The 
CO  correlation  is  also  better  with  liquid  fuel.  For  the  region 
up  to  the  intermediate  zone,  there  also  appears  to  be  an 
increased  level  of  CO  near  the  center  and  near  the  wall.  However, 
in  the  dilution  zone,  the  CO  quenching  is  more  pronounced  near 
the  liner  wall. 

Figures  133  through  154  summarise  results  for  the  remaining 
11  sets  of  emissions  data.  Only  the  profiles  of  fuel/air  ratio 
and  combustion  efficiency  are  presented  for  the  x-y  planes  in 
between  the  primary  jet,  as  the  measurement  errors  are  expeated 
to  be  minimal  for  these  stations.  Only  the  salient  points 
will  be  presented  while  discussing  these  figures. 

Figures  133  and  134  show  the  results  for  Set-1,  and  should 
be  compared  with  Figures  117  and  120  for  illustrating  the  effect 
of  overall  combustor  fuel/air  ratio  on  radial  profiles  of  fuel/ 
air  ratio  and  combustion  efficiency.  Although  the  ratio  of 
overall  fuel/air  ratios  of  Sets-2  and  -1  was  1.6,  the  ratio  of 
peak  fuel/air  ratios  at  x ■ 6 cm  is  4.4.  Also  the  shape  of  the 
fuel/air  ratio  profile  is  quite  different  at  this  station.  The 
profiles  are  relatively  similar  at  x ■ 10  cm,  and  at  stations 
further  downstream.  The  ratios  of  peak  fuol/air  value  at  x ■ lo, 
13,  15,  and  19  cm  are  2.08,  1.95,  1.9,  and  1.77,  respectively, 
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Figure  131.  comparison  Between  Measured  and  Predlated 

Unbumed  Fuel  for  the  X-Y  Planes  In  Between 
the  Primary  Jet  for  Set-8  of  Table  16 
(Sheet  2 of  2). 


Figure  132.  companion  Between  Predicted  and  Measured  CO 
Profilei  for  the  X-Y  Planei  In  Between  the 
Primary  Jet  for  Set-8  of  Table  16 
(Sheet  2 of  2 ) . 
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Figure  133.  Comparison  Batween  Predicted  and  Measured  Profiles 
of  Fuel/Air  Ratio  for  the  X-Y  Planes  In  Between 
the  Primary  Jet  for  Set-8  of  Table  15 
(Sheet  1 of  2) . 
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Figure  134.  Comparison  Between  Predicted  and  Measured  Combustion 
Efficiency  for  the  X-Y  Planes  In  Between  the  Primary 
Jet  for  Set-1  of  Table  15  (Sheet  1 of  2). 
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Figure  137.  Comparison  Between  Predicted  and  Measured  Profiles 
of  Fuel/Air  Ratio  for  the  X-Y  Planes  In  Between 
the  Primary  Jet  for  Set-4  of  Table  15. 
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Figure  138.  Comparison  Between  Predicted  and  Measured  Combustion 
Efficiency  for  the  X-Y  Planes  In  Between  the  Primary 
Jet  for  Set-4  of  Table  15. 
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Figure  141.  Comparison  Between  Predicted  and  Measured  ProCiles 
of  Fuel/Air  Ratio  for  the  X-Y  Planes  In  Between 
the  Primary  Jet  for  Set-5  of  Table  15 
(Sheet  2 of  2). 
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Figure  143. 


uomparison  Between  Predicted  and  Measured  Profile® 
of  Puel/Air  Ratio  for  the  X-Y  Planes  In  Between 
the  Primary  Jet  for  Set-7  of  Table  15 
(Sheet  2 of  2). 
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Figure  144.  Comparison  Between  Predicted  and  Measured  Combustion 
Efficiency  for  the  X-Y  Planes  In  Between  the  Primary 
Jet  for  Set.- 7 of  Table  15  (Sheet  2 of  2). 
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Figure  145.  Comparison  Between  Predicted  and  Measured  Profiles 
of  Fuel /Air  Ratio  for  the  X-¥  Planes  In  Between 
the  Primary  Jet  for  Set- 9 of  Table  16 
(Sheet  1 of  2). 


Figure  145.  Comparison  Between  Predicted  and  Measured  Profiles 
of  Fuel/Air  Ratio  for  the  X-Y  Planes  In  Between 
the  Primary  Jet  for  Set-9  of  Table  16 
(Sheet  2 of  2) * 
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Figure  146. 


Comperieon  Between  Predicted  end  Measured  Combuetio 
Efficiency  for  the  X-Y  Plane*  in  Between  the  Primar 
Jet  for  Set-9  of  Table  16  (Sheet  2 of  2). 
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Figure  147.  Comparison  Between  Predicted  and  Measured  Profiles 
of  Fuel/Air  Ratio  for  the  X-Y  Planes  In 'Between 
the  Primary  Jet  for  Set- 10  of  Table  16 
(Sheet  1 of  2). 
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Figure  147.*  Comparison  Between  Predicted  and  Measured  Profiles 
of  Fuel/Air  Ratio  for  the  X-Y  Planes  In  Between 
the  Primary  Jet  for  Set-10  of  Table  16 
(Sheet  2 of  2). 
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Flgura  14 B.  Comparison  Batwean  Predicted  and  Maaaurad  Combustion 
Efficiency  for  tha  X-Y  Planaa  In  Batwaan  tha  Primary 
Jat  for  Sat-10  of  Tabla  16  (Shaat  2 of  2). 
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Figure  151.  Compariaos.  Between  Predicted  and  Measured  Prof  ilea 
of  Fual/Alr  Ratio  for  the  X-Y  Planaa  In  Between 
the  Primary  Jet  for  Sat->12  of  Table  16 
(Sheet  2 of  2). 
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Figure  152.  Comparison  Between  Predicted  and  Measured  Combustion 
Efficiency  for  the  X-Y  Planes  In  Between  the  Primary 
Jet  for  Set-12  of  Table  16  (Sheet  2 of  2). 
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Figure  1S3.  Comparison  Between  Predicted  and  Measured  Profiles 
of  Fuel/Air  Ratio  for  the  X-Y  Planes  In  Between 
the  Primary  Jet  for  Set-13  of  Table  16 
(Sheet  2 of  2). 


Figure  154. 


Comparison  Between  Predicted  and  Measured  Combustion 
Efficiency  for  the  X-Y  Planes  In  Between  the  Primary 
Jet  for  Set-13  of  Table  16  (Sheet  2 of  2). 


versus  the  overall  fuel/air  ratio  of  1.6.  Decreasing  the 
overall  combustor  fuel/air  ratio  increased  combustion  efficiency 
at  x * 10  and  13  cm.  However,  further  downstream  overall  com- 
bustion efficiency  is  lower  for  Set-1. 


IV: 


The  effect  of  an  increase  in  combustor-residence  time,  and 
a decrease  in  pressure  drop  on  the  profiles  of  fuel/air  ratio 
and  combustion  efficiency  can  be  estimated  by  comparing  results 
of  Set-1  and  Set-3,  as  shown  in  Figures  133  through  136.  Decrees* 
ing  combustor  pressure  drop  increased  the  peak  value  of  the 
fuel/air  ratio,  and  thus  decreased  the  mixedneas.  Consequently, 
there  was  an  increase  in  combustion  efficiency!  however,  the 
profiles  of  fuel/air  ratio  remain  similar. 


The  effect  of  an  increase  in  pressure  on  the  combustor  per- 
formance for  the  same  residence  time,  combustor  inlet  tempera- 
ture, and  overall  fusl/air  ratio  aan  be  obtained  by  comparing 
Sets-2,  -4,  and  -6  (Figures  117,  120,  137-140).  A similar  com- 
parison at  the  lower  fuel/air  ratio  of  0.006  can  be  made  by 
referring  to  Seta-1,  -5,  and  -7  (Figures  133,  134,  141-144).  A 
small  deareaae  in  the  level  of  mixedness  was  noticed  with  in- 
creasing pressure.  The  profiles  of  fuel/air  ratio  remained 
unchanged  with  pressure.  As  expected  there  was  an  increase  in 
overall  oombuation  efficiency  with  pressure.  However,  the 
increase  was  mostly  due  to  an  improvement  in  combustion  effi- 
ciency away  from  the  liner  wall.  The  level  of  wall  quenching 
did  not  change  with  pressure.  The  conclusions  in  regard  to 
fuel/air  ratio  profiles  of  Sets-1,  -5,  and  -7  were  similar  to 
those  made  above  for  the  high  fuel/air  ratio  te*t  cases.  The 
improvement  in  combustion  efficiency  ocaurred  over  the  entire 
cross-section  of  the  combustor. 


The  test  data  with  Jet-A  fuel  was  taken  at  conditions  sim- 
ulating different  cycle-pressure  ratios  at  a constant  combustor 
corrected- flow  rate.  Set-8  data  was  taken  to  compare  performance 
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with  liquid  versus  gaseous  fuel,  as  given  by  Set-2.  The  effect 
of  engine  cycle-pressure  ratio  and  fuel/air  ratio  can  be  illus- 
trated by  Sets-9  through  -13,  as  presented  in  Figures  145  through 
154. 

i 

The  effect  of  pressure  was  negligible  on  the  predicted 
fuel/air  ratio  profiles  downstream  from  the  dilution  orifices. 

| However,  there  was  a significant  increase  in  maximum  values  of 

fuel/air  ratio  in  the  primary  and  intermediate  regions  with  an 
! increase  in  pressure.  The  effect  of  pressure  was  more  pro- 

• nounced  in  this  regard  with  liquid,  as  compared  to  gaseous  fuel. 


i'  Inareasing  fuel/air  ratio  extended  the  flame  further  into 

| the  intermediate  zone  with  a resulting  decrease  in  combustion 

j,  efficiency  in  the  primary  and  intermediate  sone.  However,  the 

| reaction  was  mostly  completed  by  x * 21  cm,  where  the  effeat  of 

I fuel/air  ratio  on  aombuation  efficiency  values  and  profiles  was 

negligible.  Increasing  the  pressure  improved  combustion  effi- 
ciency  in  the  primary  and  intermediate  regions.  But  nines  rese- 
ll tion  was  mostly  completed  by  x • 21  cm,  the  chamber  pressure  had 

no  effeat  on  the  combustor  efficiency. 


£ 


Radiation  Model  Validation 


i 


As  previously  reported  in  Section  IV. E,  radiation  measure- 
ments through  the  primary  and  dilution  orifices  were  made  on  the 
can  combustor  at  various  inlet  flow  conditions*  The  following 
set  of  conditions  was  selected  to  validate  the  six-flux  radia- 
tion model  employed  in  the  3-D  Performance  Model  and  simul- 
taneously the  two-flux  model  incorporated  in  the  2-D  Program. 

RADIATION  MODEL  TEST  CONDITIONS 
P3  - 1013  kPa 

T3  - 622  K 

W,  - 1.07  Kg/Sec 
a3 

f/a  - 0.0132 

The  combustor  was  modeled  using  a grid  network  identical  to 
that  employed  for  the  can  reacting  flow  mapping  comparisons. 

For  the  absorption  and  scattering  coefficients,  constant  values 
of  0,1  and  0.01, respectively,  were  selected.  Obviously,  these 
quantities  were  not  constant  in  a combustor  since  thoy  vary  with 
the  ahemical  species  present  and  their  concentrations.  However, 
data  on  the  variation  is  scarce. 


When  the  flow-field  had  converged  to  an  acceptable  level  of 
mass-error,  the  net  radiation  flux,  in  the  +y  direction  through 
the  primary  and  dilution  orifices,  was  calculated  and  is  com- 
pared to  the  following  measured  values t 


Measured  Radiation 
Flux  (J/M2-Sec) 


Primary 


Dilution 


6.62X105  9.2X104 


Calculated  Radiation 

Flux  (J/M2-Sec)  5.21x10s  1.44xl05 


Though  the  model  is  slightly  underpredicting  the  flux, 
manipulation  of  the  absorption  and  scattering  coefficients,  to 
obtain  better  agreement,  was  deemed  pointless  considering  the 
quantity  of  unknowns  involved  in  the  experimental  measurements, 
such  as  temperature  and  specie  concentrations.  Within  the  scope 
of  the  measurements,  the  above  agreement  is  certainly  acceptable. 


Figure  155  shows  a contour  plot  of  the  net  radiation  flux 
to  the  can  combustor  wall  for  the  above  case.  Regions  of  low 
flux  are  clearly  visible  around  the  primary  and  dilution  orifices 
and  the  cooling  slots. 

F , Transition  Mixing  Model  Validation 

The  transition  mixing  data,  described  in  Section  IV.B.4,  was 
used  to  validate  the  Transition  Mixing  Model.  Although  the 
data  was  highly  three-dimensional  in  nature  it  was  concluded 
that  a "first  level"  validation  could  be  obtained. 

First,  the  effect  of  step  si2e  on  the  predicted  results 
was  studied.  It  was  found  that  with  98  equally  spaced  cross- 
stream  nodes,  there  were  only  small  differences  between  the 
results  obtained  with  marching  step  sizeB  of  0.05  and  0.025  times 
the  channel  height.  Therefore,  all  of  the  results  reported  here 
were  obtained  with  maximum  step  size  being  less  than  0.025 
channel  height. 


The  effect  of  initial  turbulence  kinetic  energy  level, 
normalized  by  the  square  of  the  time-mean  velocity  of  individual 
streams,  and  length  scale  normalized  by  the  channel  height  of 
cold  and  hot  stream  passages  on  the  transition  liner  exit  temper- 
ature profiles  is  shown  in  Figure  15G.  The  computation  was 
started  with  initially  uniform  mass  averaged  velocities  for  the 
200-dogroe  sector,  which  lies  in  between  the  main  and  start 
nozzle  ports  as  explained  in  Section  IV. H. 
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Predicted  exit  temperature  profiles  for  scans  1 through  5 
and  2-1  through  2-5  are  shown  in  Figures  157  and  150,  respec- 
tively. Bach  scan  corresponds  to  a particular  hot  and  cold 
flow  rate  as  ' .sted  at  the  top  of  the  figure  with  Figure  157 
for  cold  flow  from  upper  half  end  Figure  158  for  cold  flow  from 
the  lower  half.  Also  given  are  the  maximum, , minimum,  and  aver- 
age tempera cures  over  the  entire  transition  liner  exit. 
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h oompariaon  between  Measured  and  predicted  TSF 
(£  [Tmax  - /TaVg)  shown  in  Figure  159.  The  agreement 

is  reasonably  good  in  that  the  two-dimensional  model  is  being 
used  to  correlate  a three-dimensional  flow  with  incomplete 
initial  profile  data,  particularly  with  regard  to  the  velocity 
and  the  turbulence  intensity  and  aoale  profiles. 
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Figure  137. 


Predicted  Exit  Temperature  Profilea 
coLd  Flow  From  Upper  Half. 
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Figure  159.  Pattern  Factor  Comparison 
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VI . CONCLUSIONS 


i 

During  Task  I,  the  following  six  combustor  performance 
models  were  formulated  for  application  to  small  gas  turbine  . 

combustor  geometries t ' 

I 

• Annulus  Flow  Model  - Calculates  pressure  losses  v 

and  airflow  distribution  within  the  annulus  i 

external  to  the  combustor  liner 


3-D  Combustor  Performance  Model  - Calculates 
axial,  radial,  and  tangential  velocity  compo- 
nents; turbulence  kinetic  energy  and  disipauion 
rate;  unburned  hydrocarbons  and  composite  fuel- 
mass  fraction;  stagnation  enthalpy;  radiation 
vectors  along  the  x,  y,  and  z directions,  and 
fuel  spray  droplet  size  and  distribution. 

Wall-Cooling  Model  - Calculates  axial  velocity, 
swirl  velocity,  turbulence,  kinetic  energy  and 
dissipation,  and  stagnation  enthalpy  and  liner 
wall  temperatures. 

Transition  Mixing  Model  - Calculates  mixing  rates 
in  the  combustor  transition  liner. 

2-D  Emissions  Model  - Calculates  HC,  CO,  and 
N0x  emissions  by  using  a detailed  kinetic  scheme. 

Fuel  Insertion  Model  - Calculates  the  effect  of 


1 


Element  teats  were  conducted  to  provide  input  necessary  for 
formulating  each  of  the  models  and  then  to  provide  test  cases 
for  validating  the  models.  The  following  conclusions  are  drawn 
regarding  the  model  validation  for  each  series  of  element  tests 
run: 

• Wall  Cooling  Tests  - Correlation  between  2-D 
program  and  measurements  was  made  for  profiles 
of  velocity/  temperature/  and  turbulence  kinetic 
energy  and  dissipation  rate  downstream  from  a 
cooling  geometry.  The  correlation  was  good  for 
pressure  drops  encountered  in  reverse-flow  com- 
bustors but  only  fair  for  liner  pressure  drops 
higher  than  4 percent, 

• Jet  Mixing  Tests  - Correlation  between  the  3-D 
program  and  the  measurements  was  made  for  jet 
trajectories  of  various  configurations.  The 
correlation  was  good  but  improvement  is  needed 
in  regard  to  modeling  the  jet  expansion  rate. 

e Can  Combustor  Cold-Flow  Mapping  Tests  - Correla- 
tion between  the  3-D  program  and  measurements 
was  made  for  internal  flow  profiles  including 
axial  velocity  and  turbulence  without  combustion. 

Good  correlation  was  obtained/  especially  in  the 
high  velocity  regions  of  the  combustor/  such  as  the 
liner  walls/  dome  area,  and  in  between  the  primary 
jets. 

e Can  Combustor  Reacting  Flow  Mapping  - Internal 
flow-profile  correlations  were  made  between  the 
3-D  program  and  the  measuremenue  for  reacting 
flows.  Reasonably  good  correlation  was  obtained 
for  unburned  fuel  calculations/measurements  although 
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the  agreement  was  more  qualitative  than  quantative. 
Measurement  errors , due  to  emissions  probe  dis- 
turbances, were  the  main  reasons  for  the  discrep- 
ancies. However,  despite  the  probe  disturbances, 
good  correlation  was  obtained  for  fuel/air  ratio 
and  combustion  efficiency  both  for  Jet-A  and 
natural  gas  fuels. 

e Radiation  Tests  - Limited  correlation  between  the 
3-D  and  2-D  programs  and  radiation  measurements  was 
made.  Qood  correlation  was  obtained. 

• Transition  Mixing  Tests  - Correlations  were  made 
with  a 2-D  model  and  test  measurements  in  a 
transition  section  which  included  3-D  flow 
characteristics.  Good  correlation  was  obtained 
especially  in  view  of  the  limited  initial  profile 
data  that  was  available. 

All  of  the  combustor  analysis  models  were  sufficiently 
developed  and  validated  in  Task  1 to  permit  advancement  to  the 
next  step  of  the  program.  This  next  step  entailed  the  use  of 
the  analytical  models  to  assist  in  the  design  and  successful 
development  of  two  combustor  concepts.  This  work  is  reported 
in  Volume  II  of  this  report. 
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H Twelfth 
Combustion 


APPENDIX  A 

TABULATION  OF  INTERNAL  EMISSIONS  DATA  OF 
SET-1  THROUGH  SET  13  OF 
TABLE  IS  AND  TABLE  16 

DATA  SET-01  CIRCUMFERENTIAL  POSITION  • 0.0  DEG. 

(IN  BETWEEN  JETS) 


k 

AX sPOS*  CCP ) 

i 

6.05 

10.41 

12.90 

15.17 

16.62 

24.2? 

t 

1 3 

t 

1 «A0.  ROS. 

UNRURNEO  HYDROCARBON* 

(RM! 

| ! (CM 

> | 

1 J.« 

665.4 

1064.6 

915.5 

61.2 

125,1 

111,6 

1 

I 

21«5.3 

14638.0 

1043.9 

75.9 

270.1 

123,6 

i 

f 4.21 

4921.7 

24485.5 

109.1 

41.9 

439.1 

149.7 

«j 

1.61 

16«62.0 

25281.9 

1038.0 

139.7 

2?>»6 

116.4 

i 1 

S l.ot 

40567,1 

21424,8 

455.1 

286.6 

104.4 

170.1 

i t ' 

w } a 

2.«2 

42051.1 

6187.5 

676,0 

564,2 

1*7.6 

174.1 

l.eo 

S7C6S.4 

6121.4 

1636.6 

694.3 

256.4 

144.4 

I 

r i.c7 

65671.2 

4125.1 

1855.0 

1015.9 

106.6 

140,0 

1 j 

.60 

79577.7 

1863.0 

1924.2 

1181.0 

459.1 

170.1 

1 'j 

! .00 

91421.2 

1197.7 

1211*0 

942.2 

414.2 

162,4 

! i 

1 RAO.  COS. 

CO 

( P?M 

i 

(CHI 

i 

.v 

| | 

5.44 

1719.9 

2665.3 

2325.9 

747.1 

444.0 

404.4 

t] 

4.04 

2923.0 

3261.6 

2530.7 

951.2 

713.1 

172.4 

» 

f. 

1 4.21 

1118.1 

1140.2 

2435.1 

1120.3 

644.? 

479.7 

j >1 

f 1.61 

1329.6 

3291.4 

1645.0 

1029.6 

501.6 

465,6 

j 1 

I 1.02 

3297.7 

9044.0 

1115.8 

1256.1 

444,5 

944.6 

» a 

2.42 

SZ61.7 

2498.9 

1295.7 

1374.1 

301,8 

17>,3 

1.60 

3244.3 

2215.7 

1465.6 

1489.9 

466.6 

374.7 

1.07 

1274.9 

1557.1 

1412.9 

1541.9 

591. 1 

163.7 

.60 

1332.9 

1405.8 

1295.8 

1367.2 

4*7,7 

154,4 

.00 

1943.1 

1272.6 

1190,0 

1259.5 

874,4 

647,6 

RAD.  ROS. 

NQX 

IRPM 

(CM 

5.44 

52.7 

38.4 

41.5 

36.8 

>3.4 

14.1 

4.64 

60.0 

52.5 

47.0 

52.4 

24.3 

17.4 

4.23 

61.8 

53.5 

42.0 

53.9 

1 *»5 

2D,  1 

1.61 

62.5 

42.2 

33.2 

56,5 

11.3 

10.0 

1.02 

58.0 

28.0 

24.2 

26,4 

0.5 

10, P 

2.42 

54.9 

20.3 

18,6 

20.6 

*.3 

1*  ♦ * 

1.60 

47.8 

16.4 

16.6 

17.4 

9.5 

1>.  3 

1.07 

36.3 

14.2 

15.8 

14,4 

11.4 

14.4 

.60 

29.6 

15.1 

16.9 

13.3 

12.8 

14.6 

.00 

25.1 

17.0 

19.9 

13.4 

11.2 

12.5 

RAD.  60S. 

CC2  ( PERCENT) 

(CM 

5.44 

4.37 

3.97 

3.25 

2.92 

2.40 

l'»?R 

4.84 

5.35 

5.48 

4.66 

4.24 

>.74 

1.66 

4.21 

6.98 

5.80 

5.13 

5.01 

1.43 

1.47 

1.61 

6.70 

4.82 

4.95 

4.75 

1.11 

1.09 

1.02 

6.59 

1.64 

3.76 

4.67 

.95 

1.94 

2.42 

6.20 

2.11 

2.60 

9.17 

.60 

1.0# 

1.60 

5.46 

1.68 

2.13 

2.61 

.99 

1.40 

1.07 

4.49 

1.24 

1.65 

2.14 

1.16 

1.51 

.60 

9.30 

1.21 

1.41 

1.80 

1.37 

1.40 

.00 

2.56 

1.11 

1.95 

1.76 

1.99 

1.31 

1 — lv 


MBtl  FAQB  IS  BEST  QUALITY  mOTICABL* 
m QOEX  MMUSH3K)  TO  DDU 


ISIS  ?A<a  IS  BXSI  QUALITY  PRACJICASW 
fWMI  00? Y TURKISHBD  TO  DDO 


o*ta  s«r-oi 

*X.*OS.(C*> 

880.  80S. 
<C8) 
9.44 
4.84 
4*11 
3.63 
3.02 
2*42 
1.80 
l.OT 
.60 
.00 


840.  80S* 
(CHI 
9.44 
4.84 
4.29 
3.63 
3.02 
2.41 
1.80 
1.07 
.60 
.00 

180.  90S. 
ICH  > 

9.44 

4.84 

4.21 

3.61 

3.02 

2.42 

1.80 

l.OT 

.60 

.00 


CI«CU«8£»fNTI4l  fOSlTtOK'  • 7.6  0E$, 

*.09  10.43  12.90  1J.J7  1*.#»  *f.?? 

UN8U»N£0  HY08CC8SPCNS 


I 10778.0 
I 20004.0 
1 34332.0 
1 11710.4 
! 13706.9 
1 0847.4 


708.4 

93.2 

709.3 

146.4 

190.7 

771.8 


7189.0  1330.7 
0991.3  1505.0 

2704.9  2305.3 
2262.2  1557.0 


180,  90S. 

<CM) 

9,44 

1 

2812.4 

4,84 

1 

3349.1 

4.21 

1 

31*3.1 

3. 61 

1 

2042.7 

1.02 

I 

2292.2 

2.42 

1 

2184.8 

1.80 

! 

2366.9 

1.07 

1 

2203.3 

.60 

1 

1744.0 

.00 

I 

1367.2 

CO  <999) 


2192.3 

2457.0 

2003.8 

1676.0 
1240.6 

1202.4 

1900.9 

1434.4 

1279.0 

1144.0 


NOT  <999) 


C02  (6£6CENT 


oo.i 

294.9 

2*9,9 

1*6,4 

*9.4 

1*4.0 

*70,1 

*72.9 

*24.5 

*43.1 


*■1.6 

6*7.4 

673.3 

366.9 
2*9.3 

317.3 
*70,9 
644.7 

744.9 
773.0 


91.7 

•*.l 

n*.4 

139.7 
12*,* 
129.1 
127.9 

147.7 
177.0 

167.7 


274.6 

394.1 

149.6 
1*4,4 

376.7 
370.  T 

379.1 
164.0 
390. » 

344.7 





mi ««  M BfeSt  QUALITY  mCIIOMi 

yjm  OOK  JMJdllSHJB)  TO  DDO  

DATA  5ET-01  CIRCUPFERENT1AL  PCS  1 T1 ON  - 19.1  OFG. 


AX.ROS.(CP) 

6.09 

10.43 

12.90 

19.3? 

1*«42 

26.72 

RAO.  60S * 

(CP) 

9.44  0.0 

UN6URNE0  HYDROCARBON? 

6387.9  692.0  49.2 

( • RP6 

70.6 

67,6 

4.64 

1663.0 

14909.0 

79.6 

1C.  6 

177.1 

104.9 

4.  SB 

9049.0 

3326.6 

731.9 

96.6 

00,4 

101.1 

S.6B 

24264.? 

2996.9 

369.9 

101.1 

37.3 

lio.p 

I.Ot 

39796.7 

2927.6 

193.1 

207.6 

3*. 6 

127.4 

2*42 

47241.0 

10246.6 

372.6 

419.2 

141.7 

19*. 4 

i.eo 

96019.9 

7989.2 

1224.3 

1290.9 

9*4,0 

143.  f 

1.0? 

66999.6 

9096.6 

2169. i 

1970. 7 

4*4,  4 

140. 0 

* 60 

63170.7 

3699.1 

2119.9 

1260.2 

4*4.9 

140.0 

.00 

69691.1 

2399.9 

1996.2 

992.7 

499,1 

170.3 

RAD.  60S. 

(CP) 

9.44  804.6 

3236.0 

CO 

1987.1 

( RRP) 

970.9 

464.6 

244.1 

4.64 

2346*2 

3231.1 

2397.3 

939.6 

93*.  4 

397.7 

4.21 

3291.4 

1974.0 

2292.2 

1169.7 

377,4 

390,0 

1.61 

3314.2 

691.6 

1962.7 

1246.6 

19f,4 

9R*.9 

3.02 

3236.1 

973.6 

1499.6 

1206.4 

1*4,7 

3R4.4 

2.42 

3216.2 

2269.9 

1360.2 

1210. 6 

294.3 

3*4.4 

1.60 

3216.2 

2690.9 

1949.9 

1132.6 

4R1. 0 

3?4.7 

1.07 

3279.6 

2620*6 

1409.6 

1377.6 

713.1 

367.0 

.60 

9342.9 

2044.6 

1279.2 

1240.2 

774,4 

393.4 

.00 

9336.6 

1423.6 

1196.0 

1132.1 

7*3.0 

937.4 

RAD.  60S. 

(CP) 

9.44  39.9 

36.2 

NOX 

42.0 

( 6RP) 

30.4 

*9.4 

13.4 

4.64 

9*.l 

29.8 

46.2 

41.7 

*6.9 

17.4 

4.29 

60.6 

12*9 

49.9 

47.9 

12.1 

23.4 

3.63 

97.6 

9.9 

36.8 

46.3 

*.l 

27.9 

3.02 

96.7 

10.2 

26.0 

31.6 

6.0 

21, * 

2.42 

91.9 

13.8 

19.4 

26.1 

?.l 

79.7 

1.60 

49.9 

16.9 

19.2 

20.9 

7 0.2 

10.3 

1.0? 

33.9 

21.2 

14.1 

16.2 

12.7 

14,6 

.60 

27.6 

16.4 

1.9 

17.6 

1*.9 

19.4 

.00 

24.4 

21.1 

19.6 

21.3 

1*.T 

14,7 

RAO.  ROS. 

(CP) 

9.44  2.72 

4.60 

C02  (PERCENT) 

3.29  2.33 

* .4® 

1.19 

4.64 

4.10 

3.97 

4.91 

3.93 

'.10 

l.M 

4.23 

6.13 

1.40 

9.26 

4.66 

1.R9 

1.09 

1.61 

6.98 

.91 

9.34 

9.07 

.69 

2.0* 

3.02 

6.13 

.49 

4.39 

4.49 

.49 

7.09 

2*42 

9.90 

1.09 

3.34 

3.34 

.61 

1.04 

1.60 

9.20 

1.96 

2.39 

2.99 

.«? 

l.*0 

1.07 

4.00 

2.27 

1.74 

2.19 

1*39 

1.97 

• 60 

2.96 

1.39 

1.42 

1.69 

1.90 

l.*3 

.00 

2.41 

1.19 

1.99 

1.79 

1.49 

1.34 

I 


i 


I 


i 


ifj 


i 


JHI8  Plot  ZS  B15ST  QUALITY  HIACTICABM 
• PROBOaPYPWWISUBDXODCO  


DATA  SIT-01 


CIRCUPPERE*TIAL  POSITIC*  • 78.9  066. 


AX. 60S. (CPI 

6.09 

10. A3 

18.00 

19.37 

1*.*8 

86.*? 

PAD,  POS. 

UN9UR4E0  HYOPOCARIO** 

(68*1 

(CPI 

3.AA 

1 

3386.6 

016.2 

I 

■0.6 

Tl.o 

A.8A 

I 

1A00A.8 

1131.1 

I 

63.8 

111.6 

A, 81 

1 

89683.1 

*85. 6 

I 

61.0 

0*.  • 

3.69 

1 

30988.7 

1600.6 

1 

33.1 

106.3 

9.08 

I 

90633.0 

338.7 

I 

97.? 

1??.* 

8.A8 

I 

71 10  A.  1 

310.0 

I 

110. A 

!*?•* 

1.80 

1 

81A8A.6 

1636.8 

1 

899.9 

1!A»* 

1.07 

I 

A6979.6 

1060,9 

1 

901.9 

1*6.* 

.60 

1 

88*89. A 

1690.1 

1 

*61,1 

19A.A 

.00 

1 

7A91.1 

1160.6 

I 

AM  * A 

1*7.7 

RAD.  60S. 

CO 

( P6PI 

KAO.  POS. 
<CP*> 
9.AA 
A » 8 A 
A * 81 
1.61 
1.08 
8.  A8 
1.80 
1.07 
. 60 
.00 


8769.6 

1117.1 

33*1.9 

1110.9 

1169.9 

1110.0 

8087.0 
89SA.0 

8068.9 

1100.1 


103A.7 
863*. 8 

8734.8 
8380.* 
176*. 7 
1*96.8 
1919. A 
1*30.8 

1870.8 
1,007.0 


RAD.  60S. 

(CPI 

9.AA 

I A. 08 

A.8A 

I 6.A9 

A. 81 

I 6.99 

9.63 

1 9.7A 

9.08 

1 A. 79 

8. *8 

I A. 83 

1.80 

I 3.30 

1.07 

I 8.97 

.60 

1 1.76 

.00 

! 1.88 

NOT  (PPP1 


C02  <P|RCi*'T 


A70.0 
*68. A 
•01.9 
3*1,0 
109. A 
790.6 
900.9 
770.8 
8??.? 
717.1 


701.6 
179.1 
1**»1 
AOO.l 
AO*. 6 
•o«.o 
18*. 1 
167.0 
19*. 0 
1*1.6 


■i  1 1 VfSr  if  iMiftkliMitoifrirlifi 


DATA  S£T-Oi 


AX .POS, (CM) 


ISIS  FAQOS  IS  BBS!  QUALITY  PRACTlCABU 
IWI  OQ?Y  IVRHISHKD  TO  DDO 

!?$nr0N‘  * «•>  *r«. 

'IN  IINE  WITH  JETS) 


RAC1.  PC'S* 
(CM) 
9.44 
A. 14 
4.11 
!.6S  i 
3.02 
2.42 
1.90  ( 

i.cr  4 
.to  a 
.00  8 


RAO.  POS. 
(CM) 
9.44 
4.84 
*.23 
3.63 
1*02 
2.42 
1.90 
1.07 
.60 
.00 

RAO.  POS. 
(CM) 

9,44 

4.84 

*.13 

1.61 

3.02 

2,42 

1.80 

l.or 

.60 

.00 

RAO,  80S. 
(CM) 

9.44 

4.84 

4.21 

3.61 

1.01 

2.4f 

1.80 

1.07 

.60 

.00 


2797.0 
3344,8 

3296.1 

3203.0 

3229.0 

3277.4 

3992.4 
3346.6 

3346.5 

3346.0 


44.2 

93.2 

48.9 

39.2 

28.2 
26.1 
22.8 
21.8 

21.9 
22.3 


3.60 

9.90 

9.90 

4.81 

1.94 

1.97 

2.(8 

1.94 

2.70 

3.01 


10.*3  12.90  15,37  m.gj 

UNIL'BNEO  NYCACCATPCWS  (PPW) 


9699,2 

26219.4 

90967.0 

63608.9 

70262.6 

73929.9 

89932.2 

82392. 7 

89824.3 

89166.8 


2228,4 

1197.7 

I 

669.4 
1969*. 8 
2927.6 

93491.3 

73319.4 
492*4.9 
1(231,0 


2444.2 

1303.7 
397.7 
370.9 

2079.8 
3047,4 

2969.8 

2997.9 

1963.2 

1222.9 


3,99 

1.64 

.36 

.49 

1.80 

3.93 

3.79 

2.70 

1.76 

1.21 


«71,4 

2302.6 
2821.1 

292. P 
936.4 
745,2 
1290.4 
2129,2 
2421.9 

1922.6 


2929.4 

2988.8 

3069.1 

2878.8 

1969.2 

1627.1 
1998.0 

1341.9 

1262.5 

1091.2 


* 11«.P 

' 93.2 

111.6 

167.7 
266,6 

606.8 
1104,9 
1344.0 
1274.8 
1192.4 

(PPM) 

612.1 

1370.6 

1391.6 

1614.1 
1*56.2 
1412.9 

1420.1 

3423.6 
1262.8 
1114.4 


MOX  (PPM) 


91.4  *2 . 0 

97.3  46,6 

33.4  49.5 

41.2  38.8 

*?•!  iO.| 

22*1  23,7 

17.8  20.2 

12,0  16.4 

17.9  18.4 

19.7  19.3 

CO?  (PERCENT) 


97.1 

71.4 
62.9 

47.4 
? 4.4 
49.6 

J>M 
90*.  7 
529.6 
91*. 9 


5*0.7 

431.6 
351.4 

243.6 

190.0 
2*0.1 
9»*.9 

926.7 

847.1 

734.2 


2.34 

2.21 

1.12 

.49 

.42 

.94 

1.18 

1.93 

1.93 

1.44 


26.2? 


(7,3 

*7.1 

13*.* 

111.4 
127,* 

122.4 
1*3,7 
1**.* 
143.7 
12?.* 


303.4 
167,1 
1*4,6 

429.4 

436.4 
*13. • 
1*9.6 
>67,9 

957,7 

338.0 


DAT*  SET-02 


AX  .60S  • ( CM 

*AD.  POS. 
(CP) 


CDCUDEAENTIAl  POSITION  ■ 
(IN  PETWEEN  JETS) 


X0I8  ?A(2K  IS  BSST  QlMXlTY  PIUCtlCABLl 

ntoi  oorx  webuskbs)  ro  dco  

0.0  1*3. 


J.31  10. AS  12.90  19. ST  16.62  21,29  26,2 2 

UNSUPNED  NYDROC A* ACKS  « »»»•» 


5 'A* 

111.1 

102*6.6 

110A9.1 

971A.J 

160*. A 

«*»,* 

612.1 

216.2 

A. PA 

279A.S 

322*7,7 

19769.9 

9961.3 

1*10. » 

*1*.* 

299.* 

1*9, C 

A. 21 

19619.7 

990*2.) 

A1119.7 

62SA.A 

6667,5 

996.1 

P90.2 

99.6 

1.61 

A0967.S 

9*6 *2.9 

A1119.fr 

1901.0 

A7V».A 

***•• 

111.6 

7*.! 

1.02 

67601.1 

66*  11.  A 

3A066.7 

1A61.9 

IP**.! 

*1*.’ 

111.* 

110.9 

2.  A* 

79977.7 

71726, A 

29A17.0 

1991.0 

1*16.6 

677.  ? 

210. S 

179.7 

l.PP 

62972.2 

77182. A 

20A91.1 

7716.2 

!0!*»\ 

•6*. 9 

)(«.? 

306.1 

1.07 

9960A.6 

67909.3 

1*170. 1 

7969.2 

ADI. A 

l?**.* 

**7.1 

32*. 7 

.60 

129229.7 

6A767.6 

7999.2 

71  J • 9 

A?**.* 

1970.* 

*69.7 

119.1 

.00 

116000.7 

96761.7 

9999.1 

9722.1 

176*. 0 

1 6P*«  * 

9*6.2 

*19.1 

AO.  POS 

. 

CO 

(PPP) 

(CP) 

9.  A A 

1792.2 

3072.1 

3292.0 

S1AI.1 

11*1. A 

*•**.6 

1926,0 

699.1 

A,  • A 

2962.1 

3211.2 

1266.9 

DAI. 9 

*1*6.1 

21PD.7 

20A0.2 

709. 2 

A.  21 

9196.9 

1221.6 

1290.1 

DAS.  9 

!!**.  1 

1*0*.* 

1*09.7 

666.7 

1. 61 

9909.9 

323*.* 

1117.6 

1291.2 

1*1*.  1 

10*1.6 

1160.2 

6*2.7 

1.02 

9219. 1 

1261.7 

1292.0 

29SC.9 

*061.6 

•6*,* 

901.1 

6*6.3 

t.*2 

9211.2 

22*9.7 

1072.1 

2722. * 

27*1.1 

004,? 

*60. 0 

662.0 

1.60 

9192,6 

1316. A 

2903.0 

2669.3 

2*61 .* 

11*1.9 

P77.9 

711.1 

1.07 

127A.9 

19A9.2 

2629,1 

2910.7 

2**6. 1 

1*61.9 

960.9 

766.1 

.60 

I1A9.9 

11A5.9 

2179. A 

2270. A 

2**9, 0 

167*. 9 

96*. 6 

767.2 

.00 

1270.0 

DAI. 6 

2079.6 

21AJ.2 

2292.1 

166*. » 

010.9 

766.0 

tO.  POS 

. 

NO* 

(PPP) 

(CP) 

9.AA 

0.0 

.9 

.2 

.2 

0.9 

T 

T 

21. 0 

A. BA 

0.0 

.1 

.1 

.2 

T 

T 

T 

29.7 

A,  71 

0.0 

.1 

.A 

.1 

I 

T 

r 

2«.6 

1.61 

0.0 

0.0 

.2 

.1 

T 

T 

T 

29.2 

1.02 

0.0 

0.0 

.2 

.1 

t 

T 

I 

26.1 

2.A2 

0.0 

.1 

.1 

• X 

5.9 

r 

T 

2 A • 0 

1.60 

0.0 

0.0 

.3 

.3 

I 

T 

T 

20.6 

1.07 

0.0 

I 

.A 

.A 

1 

r 

T 

17.1 

.60 

0.0 

0.0 

.1 

.1 

0.9 

i 

I 

11.9 

.00 

0.0 

0.0 

.1 

.2 

0.0 

r 

T 

19.1 

tO.  POS 

. 

C02  (PEBCENT) 

(Cl 

9.AA 

A.1A 

1.77 

A. 00 

*. 90 

* » *9 

*.»p 

1.76 

2.90 

A. BA 

9,11 

9.20 

6.11 

6.79 

7.99 

*.** 

A.A9 

9.11 

A. 21 

6.17 

9.19 

6.06 

7.11 

7.19 

P.D 

*.11 

3.91 

1.61 

6.A9 

A.A9 

9.61 

6.99 

7.61 

l.°* 

3.7* 

1.7* 

1.02 

9.19 

A. 06 

1.  A A 

9.61 

i,  *2 

1 . * * 

1.9A 

I.A9 

2. A* 

A. 69 

1.6A 

2.06 

A. 09 

* , 77 

l.M 

2.92 

1.2C 

l.PO 

A.A2 

1.20 

1.90 

2.96 

1.9! 

1 »*6 

2.*1 

2.70 

1*07 

1.70 

2.9A 

1.29 

1.99 

!.** 

P.O* 

7.02 

2. AS 

.60 

2. 6 A 

2.61 

1.2A 

1.61 

?.*0 

P.D 

1.91 

2.11 

• 00 

2.01 

2.92 

1 .BA 

1.96 

P.2* 

?.!6 

1.6A 

1.91 

a • j , a»  : •" 


. nil  FAiu  IS  BIST  QUALITY  PRACTICJLBHI 
IBM  OOPY  TUmiSHJKD  TO  DDC 


DATA  SET-0* 

C1PCUPF E PENTI At  POSITION 

• 19.1  DEO. 

AX.POS.<CM> 

6.09 

0.91 

10.43 

12.40 

15.3? 

l*.*? 

?l.*o 

?6»  ** 

A AD.  PCS 

« 

UNOUPNEO  HYOPOCASOCHS  (PPM) 

(CHI 

9.44 

I 

1596.4 

21957.1 

7052.9 

2049.3 

2’6.7 

340.7 

312.7 

4.04 

1064.6 

14630.0 

*9404.? 

9964.1 

4311.6 

*44.6 

147.7 

198.9 

4.11 

6619.0 

30490,4 

3694.1 

6367.5 

4391.4 

14*.  4 

155. 0 

114.4 

1.61 

40490.6 

9*164.7 

*26*. * 

6967.5 

9190*4 

66,3 

55.9 

79.0 

9.0* 

T2 791.0 

69742.0 

69*9.6 

*399.9 

9606.9 

144.4 

56.9 

91.0 

1.4* 

0*37*. * 

717*6.4 

20**7. 1 

4657.6 

1 6*0.0 

*70.4 

*10.4 

134.4 

1.00 

09699.1 

77049.1 

26401.! 

4256.1 

*914.9 

*11.7 

9C9.7 

*11.6 

1.0? 

99917.9 

61174.6 

10649.6 

6*54.4 

41*5.4 

1*40.0 

4*5.4 

*58.5 

.60 

1*3042.6 

61C41.5 

9847.4 

6*54.4 

4231,7 

1716.4 

911.0 

*67.9 

.00 

194004*6 

670*9.0 

9496,0 

4697.6 

39*3.7 

1676. ▼ 

3«5.5 

401.9 

PAD.  PCS 

. 

CO 

1PPPI 

(CM) 

9.44 

749.2 

*770.9 

3344.0 

3*62.0 

7713.7 

??3“.* 

1641.9 

70S.* 

4.04 

*299.3 

9943.6 

3346.9 

3349.7 

9*93.7 

17P.4 

1633.0 

743.* 

4.21 

9*7%  0 

3909.9 

2979.9 

3949.4 

1340.9 

7*4,1 

1496.5 

709.1 

9.69 

S3  ' ,i 

3267.1 

1149.0 

3342.6 

3*72. 0 

499.1 

1045.9 

639.9 

9.0* 

9*.  ..4 

3*74.9 

1041.4 

3230.2 

3141.2 

1*0.’ 

560.9 

690.1 

2.4* 

9*11.* 

9309.9 

2769.9 

2946.6 

*799,4 

6**.* 

077.7 

63?.* 

1.00 

3*00.* 

91*7.* 

3134.4 

2841,? 

*571.4 

1136.0 

547.1 

699.9 

1.0? 

9*79.0 

3944,4 

3044.0 

2616.3 

*305.0 

1630. ’ 

*4*. 0 

735.1 

.60 

9949.1 

3142.6 

2426.0 

2375.6 

*961.9 

1756.4 

960.9 

741.* 

• 00 

9*00.1 

3336.1 

2031.3 

2161.3 

*??4, 9 

1604,0 

015.5 

791.4 

PAD.  POS 

* 

NQX 

(PPP1 

(CH> 

9.44 

0.0 

I 

.1 

.9 

T 

1 

T 

18.6 

4.04 

0.0 

1 

0.0 

*3 

I 

T 

1 

*4.4 

4. *9 

0.0 

I 

.* 

.4 

T 

T 

T 

*7.9 

9.69 

0.0 

I 

.1 

.4 

I 

T 

1 

91.1 

3.0* 

0.0 

1 

•1 

• 4 

0.0 

t 

T 

31.  C 

*.4* 

0.0 

I 

0.0 

.9 

I 

T 

T 

*7.0 

l.eo 

0.0 

0.0 

.* 

.9 

t 

T 

1 

*9.8 

1.07 

0.0 

I 

• 1 

.3 

t 

T 

T 

15.6 

• 60 

0.0 

I 

.1 

.4 

t 

T 

T 

16,0 

.00 

I 

1 

.1 

.4 

0.0 

T 

T 

14,4 

PAD.  POS 

• 

CO?  IPEPCENT) 

<CH> 

9.44 

2.44 

4.18 

9.99 

5.0* 

4.19 

3.51 

1.64 

*.06 

4.04 

9.76 

6,93 

4.91 

6.44 

6.6? 

9.49 

4.11 

3.01 

4.29 

9.79 

6,44 

1.70 

7.96 

7,11 

I.*? 

3*0* 

3.79 

9.69 

6.30 

9.48 

.99 

7.11 

7.00 

.7* 

4.46 

3.90 

9.0* 

9.10 

4,30 

.43 

6.33 

6.09 

.97 

9.70 

3.00 

2.4* 

4.99 

1.66 

1.14 

4.63 

4.76 

1.01 

7.70 

3.76 

1.00 

4.30 

9.21 

2.09 

3.09 

3.7* 

1.74 

7.21 

3.17 

1.07 

3.6? 

2.64 

2.26 

2.37 

7.0? 

7.39 

1.90 

*.37 

.60 

2.61 

*.69 

1.41 

1.67 

2, *4 

7.65 

1.74 

*.19 

.00 

2.11 

*.90 

1.33 

1.96 

2.30 

*.*• 

1.64 

1.96 

3S4 


V l*'  ' *♦  .«•  I \ 


..  ISIS  MOB  IS  BEST  QUALITY  FRACTICA&HI 
TBOM  OOPY  FURBISHED  TO  DDG  


OATA  SET-02 


CIRCUPFEPENTIAL  POSITION  » 30.1  OPS, 
UN  LINE  WITH  JETS) 


AX. PCS. (CP)  t.05  9.51  10.93  12.90  15.37 


PI. 29  26.22 


PAD.  PPS. 


UNBURNED  HYCPOCAR  BONS  (PP“) 


(CP) 

5.99 

399,2 

5996.3 

8699.6 

11176.1 

9165.? 

1*63.8 

?09 . 0 

271.5 

9.69 

6367.5 

30673.0 

3193.8 

6520.6 

7017.8 

5*5.5 

187.6 

158.9 

9.23 

91119.6 

97906.3 

1069.6 

122R2.7 

11697.1 

?5>.* 

193.7 

103.6 

3.63 

66031,9 

62C12.1 

9529.5 

9996.2 

65*0.5 

266.1 

161.0 

102.5 

3.02 

79999. 6 

71960.3 

29193.0 

*52*. 5 

375*.  T 

133.1 

175.7 

101.1 

2.92 

70178.5 

70176.5 

95777.1 

5056.6 

1*00.9 

9*2.9 

260.6 

126.9 

1.60 

6 6 C 9 6 « 3 

62372.2 

31272.2 

5169.9 

23*8.7 

6*1.7 

3*6.0 

220.9 

1.C7 

106553.8 

66096.3 

26797,7 

7716.2 

336*. 7 

13*9.0 

*93.1 

300.7 

.60 

126665.6 

66763.7 

15037.3 

59F6.3 

3672.9 

1623.* 

552.3 

328.7 

.CO 

133738.5 

77561.6 

6259.5 

5569. 1 

391?. 3 

1596.3 

*32.3 

935.1 

RAO.  POS. 


CO  IPPNJ 


1CP*  I 
5.99 

2098.2 

3095.8 

3283.9 

3337.3 

2799,1 

2375.9 

1939.9 

729.0 

*.e* 

3236.0 

3339.0 

2607.9 

3321.9 

33?  0. 0 

106?. y 

11P6.2 

715.0 

9.23 

3312.6 

3258.9 

1010.7 

3323.3 

33*6.5 

1P39.6 

955.8 

761.6 

3.63 

3219.7 

3279.9 

1760.5 

3399.9 

33*1.5 

661.’ 

615.6 

723.0 

3.02 

3176.6 

3279.8 

3131.8 

3297.9 

3215.9 

36?. 1 

767,2 

653.6 

2.92 

3169.9 

33C3.6 

3335.7 

3061.6 

2891.7 

61?. 1 

778.7 

680.1 

1.80 

3211.2 

3330.8 

3296.7 

2907.1 

2596 . 9 

1?«5.7 

813.3 

663.9 

1.07 

3315.6 

3395*7 

3125.9 

2726.7 

2556.0 

1799.0 

806.3 

7*3.2 

.60 

3338.8 

3395.7 

2669.7 

2921.9 

23*6.5 

180?.? 

933.1 

755.6 

.00 

3322.0 

3336.8 

2099.6 

2256.7 

??n.2 

1601,0 

013.3 

799.9 

RAD.  POS. 
(CP) 

5.99 

0.0 

0.0 

NQX 

I 

(PPM 

.3 

9,89 

0.0 

I 

.1 

.1 

9.23 

0.0 

0.0 

0.0 

.3 

3.63 

0.0 

I 

I 

. 3 

3.02 

I 

0.0 

0.0 

.9 

2.92 

0.0 

I 

0.0 

• 2 

1.80 

0.0 

0.0 

0.0 

.2 

1.07 

0.0 

0.0 

0.0 

. 1 

.60 

0.0 

0.0 

0.0 

.2 

.00 

I 

0.0 

.1 

.9 

PAD.  PCS. 


C02  (PERCENT) 


ani  FA0D5  IS  BfcST  QUALITY  PRACTICABLE 
IBM  WM  VUmiSKBD  TO  DUO  — 

DATA  SET-03  CIRCUPFERENTIAL  POSITION  • 0.0  DE6. 

UN  BETWEEN  JETS) 


.POS. (CP) 

10.43 

15.37 

18.82 

21.29 

26.22 

RAO.  POS. 

UNBURNED  HYDROCARBON* 

(PP«) 

(CP) 

5. *4 

0.0 

8.0 

51.9 

61.2 

5?. 2 

A.  84 

0.0 

169.0 

17P.3 

63.9 

*1.3 

4.23 

2124.2 

35.9 

145.0 

75.9 

33.3 

3.H 

903.7 

87.8 

9C.3 

50.6 

47.9 

3.02 

I 

207.6 

103.1 

39.9 

75.9 

2. *2 

212.9 

363.3 

115.8 

65.2 

54.6 

i.eo 

252.8 

367.3 

210.6 

85.2 

47,2 

1.07 

1 

507.0 

310.1 

93.2 

62.9 

• (0 

I 

673.3 

254.2 

123.8 

61.2 

.00 

332.  i 

348.7 

194.3 

74.5 

75.9 

RAO.  POS. 

CO 

(PPHI 

(CP) 

5.44 

1870.0 

720.0 

260.0 

217.6 

157,5 

4.84 

1482.7 

763.9 

SOS. 4 

230.4 

176.0 

4.23 

2837.6 

791.3 

369.4 

215.7 

202.1 

3.63 

2778.5 

460.8 

242.2 

204.5 

201.2 

3.02 

2004.6 

552.0 

192.2 

178.7 

202.6 

2.42 

1233.8 

699.3 

235.2 

184.6 

144.2 

1.80 

806.7 

700.1 

325.9 

198.9 

103,3 

1.07 

476.3 

747.3 

370.7 

207.7 

144.2 

.60 

511.1 

609.3 

401.8 

213.2 

169.6 

.00 

828.9 

633.8 

366.5 

181.4 

163.3 

RAD.  POS. 

NO* 

(PPH) 

(CP) 

5.44 

30.9 

43.5 

28.2 

23.1 

16.9 

4.84 

73.1 

57.2 

27.6 

23.7 

20.0 

4.23 

69.8 

52.1 

19.6 

21.4 

22.9 

3.63 

65.2 

49.6 

15.0 

19.7 

22.2 

3.02 

46.6 

41.1 

11. 6 

18.3 

22.4 

2.42 

33.1 

31.2 

12.9 

17.0 

22.5 

1.80 

22.9 

24.0 

14.1 

15.7 

20.3 

1.07 

20.5 

20.6 

16.5 

14.4 

19.3 

.60 

19.1 

19.2 

17.2 

13.1 

17,6 

.00 

21.6 

19.6 

17.3 

12.4 

16.5 

RAD.  POS. 

C02  (PERCENT) 

(CP) 

3.44 

3.30 

3.22 

2.90 

1.90 

1.48 

4.84 

4.68 

4.46 

2.77 

1.94 

1.72 

4.23 

5.63 

4.56 

1.84 

1.R6 

1.47 

3.63 

5.23 

16.59 

1.15 

1.69 

2.01 

3.02 

3.70 

4.14 

.87 

1.58 

2.02 

2.42 

2.43 

3.11 

.91 

1.46 

1.96 

i.eo 

1.56 

2.24 

1.20 

1.25 

1.72 

1.07 

1.21 

1.97 

1.36 

1.19 

1.57 

.60 

1.03 

1.78 

1.49 

1.18 

1.48 

.00 

1.17 

1.78 

1.40 

1.07 

1.40 

356 
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K 


| 


DATA  SET-03 


SBX|  PACtt  IS  B8ST  QUALITY  PRACTICABIil 
' .JJ»»-OOPY  7URX1SHSD  TO  DDO  — - 

CIRCUMFERENTIAL  POSITION  • l*.l  OES» 


AX. PCS. (CP)  10. A3 


RAO.  PCS. 


t 

i 

< C pt  * 

3.44 

1317. A 

I 

A.  BA 

6430. 1 

! 

4.23 

A79.1 

i 

3,63 

186.3 

, ) 

3.02 

938.1 

2.A2 

423. e 

l.SO 

1982.8 

1.07 

A3  2.  A 

.60 

1184. A 

.00 

1197.7 

RAO.  PCS. 

( 

(CM) 

1 

3.44 

2317.1 

l. 

A. BA 

2722,4 

1 

A.  23 

1040. 6 

■ 

3.63 

409.3 

1 

3.02 

608.6 

] 

2.A2 

1420. 1 

1.80 

1AA3.3 

i 

1.07 

626.2 

\ 

i 

.60 

762.9 

1 

.00 

787.2 

i 

RAO.  PCS. 

(CP) 

5.AA 

49.3 

i 

A.  8 A 

43.2 

i 

! 

A.  23 

18.4 

3.63 

11.4 

! 

3.02 

14.1 

I 

2.A2 

22.0 

1.80 

23.1 

1.07 

20.6 

.60 

16.3 

.00 

18.0 

RAO.  POS. 
<CH> 

< 

.3.44 

3.64 

4.84 

3.63 

< 

t 

4.23 

1.47 

v.  ‘ 

* 

3.63 

.63 

3.02 

.70 

\ 

2.A2 

1.72 

| *» 

1.80 

2.19 

1.07 

1.33 

1 

.60 

1.09 

.00 

1.13 

f 


15,37  13.82  21. 2C  26.2? 

UNBURNED  HYDROCARBON*  I®8*) 


16.0 

37.3 

16.0 

14.0 

21.3 

37.3 

17.3 

?6»6 

33.3 

21.3 

37.3 

?9.9 

67.6 

6.7 

50. 6 

3**6 

139.7 

16.0 

30. 6 

ii.4 

326.7 

31.9 

70.5 

A-.« 

439,1 

235.5 

93.2 

■’.! 

360.2 

326.7 

97.1 

540.3 

266.1 

102.5 

*1.2 

437.8 

235.3 

101.1 

69.2 

CC  (PPP) 


304,7 

197.7 

167.6 

111." 

923.1 

218.5 

165.1 

1*4.6 

1026. 9 

130.0 

176.0 

1*1.0 

1010.7 

69.6 

205.4 

109.4 

583.9 

63.9 

204.0 

193.? 

639.1 

203.3 

196.9 

20*. 0 

761.8 

373,3 

211.3 

190.9 

766.1 

473.2 

232.6 

194,7 

667.7 

431.6 

226.1 

l’O.l 

630.0 

413.3 

219.0 

l*f.4 

NQX 

(PPP) 

36.7 

31.0 

21.2 

1«.6 

55.1 

26.9 

22.6 

?0»4 

31.7 

11.8 

28.0 

?4.4 

33.4 

8.3 

22.4 

*5.4 

41.7 

7.7 

25.7 

26.6 

31.1 

10.9 

20.6 

24.4 

25.3 

13.8 

15.9 
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21.7 

18.3 

1*.9 

10.3 

20.2 

17.6 

13.5 
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21.3 

16.7 

12.9 
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2.72 

2.28 

1.99 

1.14 

3.46 

2.06 

1.34 

1.34 

4.36 

.96 

1.33 

1.05 

4.31 

.63 
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2.19 

3.09 

.46 

2.21 

2.17 

2.41 

.76 

1.32 

>.06 

2.11 

1.33 

1.53 

l.»6 

1.68 

1.69 

1.34 

1.66 

1.37 

1.64 

1.19 

1 .31 

1.36 

1.38 

1.17 

1.40 
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15.37 
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I 
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( CH ) 
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12.0 
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6.0 
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17.3 
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I 
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33.3 

*6.6 

3.63 

252.! 
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27.9 
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*6.6 

2.A2 
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69.2 
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AR2.A 
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73.2 
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A09.9 

208.9 

91. P 

79.2 

.60 

1503.7 
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280.6 

115.8 
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si 

*00 
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*17.8 

236.9 

79.6 
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RAD.  PCS. 

cq 

(PPM) 

ten) 

S.AA 

1A93.C 

363.6 

152.7 
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} 

A.8A 
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* *7.0 

87.1 

213.6 

1*7.5 

A. 23 

105.1 

5*9. A 

62.2 

170.5 

105.0 

\ 

3.63 

356.3 

**7.3 

15.9 

22  A. 2 

223.7 

3.02 

1AA5.3 

553.7 

70.6 

216.6 

2??. R 

2.A2 

2713.7 

639.6 

226. 3 

220.9 

216.2 

1.60 

2297. o 

753.9 

A92.0 

232.3 

202.5 

1 

1.07 

1230.6 

799.7 

A57.7 

2*1.0 

202.6 

1 

.60 

91!. 2 

729.0 

AA7.7 

225.6 

101. 0 

.00 

7A5.3 

600.1 

AOS. 9 

196.9 
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} 

RAD.  PCS. 

NOX 

( PPM) 

( 

I CM) 

S.AA 

39.7 

31.5 

18.9 

2A.5 

17.6 

1 

A.6A 

16.6 

*5.0 

19,0 

25. A 

22. A 

1 

A. 23 

9.1 

*6.1 

10,7 

35.0 

2A.5 

3.63 

15.3 

*7.2 

5.6 

21.9 

27.  K 

3.02 

31.2 

*1.0 

7.3 

2P.1 

20.7 

l 

2.A2 

*5.7 

32.5 

11,0 

23.0 

27,3 

1.60 

32.6 

26.6 

19.6 

19.0 

25.  A 

1 

1.07 

2*. 7 

22.5 

19.9 

15.1 

21.3 

I 

.60 

16.  C 

21.0 
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13.3 
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.00 
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21.1 

16. A 

13.1 
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\ 

1 

) 

RAD.  POS. 
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j 

5 . A A 

2.99 

2.06 

1.56 

1.89 

l.PA 

A.6A 

1.22 

3.79 

.82 

2.92 

1.67 

i i 

A. 23 

.19 

3.93 

.AT 

2.02 

1.7? 

\ 

3.63 

.57 

3.  AO 

.26 

2.91 

2.11 

3.02 

2.36 

3.12 

,35 

2.96 

?.?9 

2. A 2 

A. 30 

2.58 

1.19 

2.09 

2.15 

( [ 

1.60 

3 .*1 

2.06 

1.89 

1.A5 

1.72 

1 

1.07 

2.:i 

1.75 

1.71 

l.AO 

1.67 

i 

) 

.60 

1.56 

1.59 

1.67 

1.22 

1 • *9 

• 00 

1.15 

1.60 
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1.1* 
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l 
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0.0  OER. 


AX. POS. (CP*  19.3? 


18.82  21.29  26.22 

UNBURNEO  HYDRCCAR80NR  (RP*t 


(CP* 

5.*A 

7092.9 

359.3 

117.1 

200.9 

A .8  A 

971A.3 

306.1 

1A1.1 

129.1 

A. 23 

931A.7 

372.6 

121.1 

79.9 

3.69 

3779.3 

389.9 

199.7 

87.8 

3.02 

283  A. 5 

A69.8 

17A.3 
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1.80 
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A03.2 
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396.6 
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396.6 

RAD.  POS. 
(CPI 
9.AA 

3162.6 

2769.6 

CO 

822.2 
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563.7 

A.  8 A 

33A6.6 

2279.0 

819.6 

5 AO.  A 

A. 23 

33A6.0 

99A.7 

680.1 

503.1 

3.63 

3316.8 

896.2 

610.3 

A8A.2 

9.02 

3119.0 

789.1 

969. A 

506.3 

2.A2 

2397.3 

798.0 

967.1 

927.3 

1.80 

2102.7 

919.8 

99A.6 

972.2 

1.07 

21A3.2 

1199.9 

6A2.7 

59A.6 

.60 

2031.3 

1A02.3 

709.1 

610.  S 

.00 

187A.3 

1A3A.A 

731.0 

999.8 

RAD.  POS. 
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9.AA 

98.9 

98.0 
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36.9 

A.8  A 

79,3 

91.1 

3A.6 
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89.9 

28.6 

27.3 

3.63 

77.6 

20.0 

2A.9 

3.02 

60.9 

17.1 

22. A 

2.A2 

Al.A 

16.2 

20.>' 

1.80 

29.9 

17.1 

17.1 

1.07 

23.0 

19.3 

16.1. 

.60 
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21.0 

16.  t 

.00 

19.  A 
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15.7 
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18.82 

21.29 

26.22 

PAD.  POS. 
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5.44 

I 

998  • 0 

323.4 

319.4 

4.54 

I 

190.6 

202,3 

159.7 

4.21 

I 

212.9 

81.2 

97.1 

3.63 

I 

146.4 

79.6 

70.5 

3.02 

I 

106.5 

90.3 

90.5 

2.42 

I 

346.0 

218.2 

126.4 

1.80 

1 

705.3 

291.4 

189.0 

1.07 

I 

1224,3 

376.6 

200.9 

• 60 

I 

1423,9 

488.4 

299.4 

.00 

I 

1783.2 

312.3 

343.3 

•AD.  POS. 

CC 
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5.44 

I 

2996.3 

1427.2 

603.0 

4.84 

I 

1642.9 

1553.3 

610.3 

4.23 

I 

596.3 

948.2 

546.7 

3.63 

I 

318.7 

678.2 

492.0 

3.02 

I 

287.4 

599.8 

492.0 

2.42 

I 

527.3 

599.8 

530.6 

1.80 

I 

879.6 

640.9 

373.6 

1.07 

I 

1305.7 

661.2 

591.1 

.60 

I 

1463,3 

731.0 

601.3 

.00 

1 

1474.5 

721.0 

603.0 

RAD.  POS. 
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(PPH) 

(CH ) 

5.44 

I 

36.8 

4».l 

25.7 

4.84 

I 

33.4 

56.4 

36.2 

4.23 

I 

11.7 

48.6 

40.3 

3.63 

I 

7.4 

42.0 

40.9 

3.02 

I 

8.4 

32.3 

38.5 

2.42 

I 

12.2 

24.7 

33.1 

1.80 

I 

16.3 

19,3 

26.9 

1.07 

I 

19.7 

17,2 

23.0 
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I 

21.0 

16,6 

19.5 

.00 

I 

21.1 

16.6 

18.7 

PAD.  POS. 
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(CH) 

5.44 

I 

7.13 

4.59 

2.43 

4.84 

I 

4.26 

6.01 

3.47 

4.23 

I 

1.18 

5.21 

4.19 

3.63 

I 

.54 

4.58 

4.10 

3.02 

I 

.59 

3.30 

3.97 

2.42 

I 

1.06 

2.38 

3.40 

1.80 

I 

1.66 

2.14 

2.95 

1.07 

I 

2.31 

1.87 

2.49 

.60 

I 

2.57 

1.60 

2.18 

.00 

I 

2.57 

1.73 

2.00 

360 
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*AO.  60S, 
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9*44 

4.64 

A.  23 

B. 6| 
3.02 
2.42 
1.60 
1.07 

.60 

.00 

A AO.  60S. 
(CM  t 
9.44 
4.64 
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3.02 
2.42 
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1.07 
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.00 
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(C6» 
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629.4 

279.5 

319.4 

239.5 
119.8 
266.1 
’99.1 

1477.1 

1663.4 


* V V 0 « ^ 

1 1769,9 


2026.4 
1396.7 

466.0 

366.5 

239.4 

462.6 
1016.1 
1492.6 
1939,1 
1900,  5 


336.0 

29«.f 

139.4 
69.2 

102.5 
179.7 
29*.l 
*11.2 
*47.1 
900.4 


254.2 

190.4 

102.5 
69.2 
99,6 

170.3 

199.6 
23*.  2 

326.0 

336.0 


34.3 

29.6 

1«.6 

7.6 

4.8 

10.2 

19.0 
24.5 
24.  4 

24.1 


4A0.  60S. 

(CM! 

3.44 

4,  #4 

2 4.49 
l 3,24 

4.21 

3.61 

2 1.83 

3.02 

* *88 

2.42 

: *42 

1.60 

' .97 

1.07 

2 1.94 

• 60 

J 2.61 

• 00 

J 2.66 

2 2,51 

165C.9 

1412.9 
1132.1 

966,7 

640.9 
606.6 

624.6 

699.6 
727.0 
727.0 


I866J 

621.0 

615.4 

362.1 
526,9 

325.7 

992.0 

394.2 

606.8 

619.2 

610.1 


A'O*  (666} 


41.7 

46.2 
*9,7 
41,5 

36.4 
29.9 

22.4 

19.3 
16.1 

19.3 


26.7 

34.6 

37.6 

37.9 

39.9 

30.6 
24.4 

17.9 
16.2 
19.2 


C02  (Pf»C(ST) 


4,64 

4.99 
4.62 

3.99 
3.53 
2.74 
2.24 
1.92 
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1.79 


2.76 

3.96 
4.11 
*•16 
4.06 
3.50 

2.96 
2.49 
2.18 
2.01 
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DATA  SET-03  ClRCUHFERENTIAl  AOSITICK  • 0.0  4E6. 

UN  8f  TVf  EN  JETS  I 

AX. AOS. (CHI  6.05  9.31  10.43  12.90  10.37  18.69  71*79  26.22 


RAO.  AOS. 

0N81'HNE 0 HYORCCAHSOM  (»AN) 

(CH) 

3.44 

0.0 

1730.0 

2927.6 

2022.7 

349,3 

04.4 

1*7.7 

119.4 

4.64 

2393.3 

27413,1 

29092.3 

3379.7 

110,4 

06.5 

101.1 

09.2 

4.23 

39369.6 

33761.3 

27146.9 

2049.3 

337.7 

00. 5 

110.9 

109.1 

3.63 

30074.3 

63603.0 

37127.4 

1036.4 

14*.  4 

67,0 

107, A 

93.2 

3.02 

43377.9 

74234,8 

27013.8 

402.4 

647.1 

33.5 

•l.* 

99.0 

2.42 

63072.7 

75*32.4 

19961.0 

625.4 

399,9 

54.9 

101.1 

09.6 

1.60 

63209.7 

77192.4 

11043.1 

1397.3 

731.9 

710.2 

177.4 

123.0 

l.Ot 

02239.2 

71992,3 

6913.9 

1793.2 

1074,7 

340,2 

153,0 

123.0 

.60 

64634.3 

61743.9 

3369.1 

1609.6 

1147,7 

434.1 

147.0 

1*7.7 

.00 

94613.0 

32336.6 

1730.0 

1437.2 

1417,4 

470. T 

147. T 

162.3 

HAD.  AOS. 

CO 

tARHI 

(CHI 

3.44 

604.6 

1*40.9 

1661.4 

2247.0 

606.0 

443.0 

314.2 

230.9 

4,64 

2602.9 

3309,6 

3330.0 

51  SC.  5 

1177.4 

310.7 

?47.t 

776.2 

4.23 

3301.7 

3299.1 

3293.3 

3261.4 

7624,3 

761.0 

M».l 

769.5 

3.63 

3297.7 

3234,9 

3339.9 

3009.3 

1577.5 

169.0 

264.1 

274,7 

3.02 

3223.0 

3296.1 

3221.0 

1936.9 

1723.4 

90.9 

241.9 

771.7 

2.42 

3231. T 

3292.2 

2929.2 

101C.7 

3«2.0 

103." 

?2«.3 

294.7 

1.60 

3233.2 

329«.l 

7636.7 

1227.4 

033.9 

747.7 

774.7 

250.3 

1.07 

3247.1 

. 3239,1 

2236.3 

1129.1 

970.1 

417.3 

744.7 

240.1 

.60 

3343.7 

3329.6 

1961.4 

9*3.2 

3 67.9 

493.6 

?*8.P 

236.2 

.00 

3340.2 

3C33.2 

1018.6 

753.6 

754.6 

403.7 

737.6 

227.6 

HAD.  AOS. 

NQX 

IARH) 

(CH) 

3.44 

61.0 

48.  S 

37.2 

39.  C 

19,7 

37.0 

79.1 

17.5 

4.64 

77.3 

69,3 

60.6 

M.o 

94.9 

74.4 

>0.6 

23.2 

4,23 

03.3 

61.2 

60.0 

79.2 

79.9 

14.1 

?9.o 

23.7 

3.63 

70.6 

4C.6 

47.3 

73.1 

76.1 

0.0 

75.1 

26.2 

3.02 

34.9 

30.9 

31.6 

50.7 

M.4 

6.0 

70.4 

23.1 

2.42 

43.3 

26.2 

20.4 

37.9 

4*.3 

7.0 

1«.Y 

23.0 

1.60 

33.6 

29.3 

16.3 

26.3 

30,1 

11.7 

16.0 

20.7 

1.07 

34.3 

39,6 

14.3 

2P.o 

73,0 

10.4 

14, T 

16.5 

.60  *3.0  2* . 7 14. 3 19.3  1°.*  17.0  17,*  17.1 

.00  21.6  27.0  13.9  17.9  1»,6  IT.?  13. o 17.1 
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60S.(C6)  6.09 

PAP.  PCS. 

(CP) 

6.91  10. A3  12.90 

UN8UME0  “V0PPCAR80M 

19.17 

(PPM) 

11.  *7 

71.70 

26.22 

9.** 

266.1 

0.0 

3726. C 

2919.1 

186.1 

91.  « 

179.7 

08.5 

*.** 

1863. C 

1C912.0 

1863C.2 

2219.6 

11  A.  9 

66.1 

90.p 

00,9 

A. 21 

1 3 A A 0. A 

16C62.9 

9A36.0 

1752.7 

6?*.* 

•7.1 

09.9 

83.2 

!.(! 

96699.1 

99092.3 

399.2 

2155.8 

399.2 

99.0 

66.9 

67.6 

}.:> 

97966.6 

97221, A 

2329. A 

372.6 

297.9 

AO. ? 

75.0 

03.2 

2. *2 

69A72.0 

61931,9 

3199.9 

A39.1 

906,1 

66.1 

•7.1 

119.6 

1.10 

61A79.9 

613A6.7 

130*1 . 2 

1290.3 

697,1 

150.7 

1A7.A 

93.6 

i.:t 

77930.8 

6*506.6 

119A3.9 

1970.3 

991.5 

271.5 

19*. A 

95.6 

.EC 

8109A.A 

*8837,6 

6691.7 

1916.3 

11 A A, A 

*71.5 

1*9.0 

193.0 

• CC  PE  160. 9 

PAD.  POS. 

(CP) 

16861.2 

2926. A 

CO 

11*A. A 

(PPPI 

110  A ,5 

AA3.1 

179,6 

161. C 

9.  A A 

379.1 

709.1 

2179. A 

1719. A 

A!U 

379.7 

375,9 

221.6 

*.l* 

1227. A 

1291, A 

3333.0 

301A.9 

1139.1 

987,7 

3*1,6 

261.6 

A. 23 

9202.9 

1299.6 

1939.0 

3101.9 

1823.7 

2*9,5 

319.7 

291.1 

3.6) 

3119.9 

1229.0 

608.9 

3075.9 

1351.3 

162.7 

269. A 

263. A 

3. Cl 

3229. A 

123A.9 

8AA.9 

2161.3 

no*. 6 

191.2 

76A.6 

270.2 

2. «t 

3229.0 

3296.9 

1939.0 

1C37.2 

770.3 

115.1 

2AA.A 

262.1 

1*90 

3269.9 

329A.6 

2602.9 

1111.9 

177.6 

297.  A 

*AA»  A 

293.2 

1.07 

1130.1 

1109.1 

2977.9 

1169,7 

929.6 

962.1 

2*0. « 

2A0.1 

.60 

33A6.9 

33  A3. 0 

2292.2 

986.9 

690.0 

*70,1 

7*o,l 

233.6 

.CO  9339.9 

PAD.  POS. 

(CPI 

3169.9 

1221.0 

KC7 

733.1 

(PPP) 

731.3 

*77.9 

7*1.0 

229.2 

9.*A 

11.7 

36,1 

39,9 

19. A 

29.1 

9?.* 

?».? 

16.1 

A.8A 

39.6 

93.6 

AO. 8 

98.1 

39.6 

*6,!i 

»6.0 

27.1 

A. 21 

91.6 

76,6 

IT. A 

72. A 

79.1 

17.1 

3). * 

29.5 

1.63 

6 A,  6 

93. A 

«.l 

76.2 

7*.  6 

0.6 

»8.0 

26.2 

1.02 

A9.3 

90,2 

9.0 

69.9 

6A.1 

9.1 

75.2 

29.2 

2.A2 

36.1 

36.7 

1C. 6 

*2.7 

A A » 7 

7.1 

»3.i 

23. A 

l.PO 

28.9 

37,0 

16.2 

26. A 

91.0 

10.1 

17.9 

20.6 

1.C7 

23.3 

39.6 

21.2 

22.1 

7A.6 

19.0 

19.9 

16.6 

.60 

23.9 

39.3 

17,9 

IP. A 

»1.A 

1 A . 0 

1 A.  A 

17.2 

.00  21.0 

RAP.  POS. 

(Cl 

30,7 

16.9  IP. 3 

C02  (PERCENT) 

70.6 

16,7 

15,7 

16.6 

S.*A 

2.12 

2.27 

3.17 

3 .2  A 

1.96 

7, *9 

l.»9 

1.36 

*•  9 A 

3.61 

6.07 

9.12 

9.01 

*.95 

A. 11 

7.57 

2.01 

A. 21 

9.6A 

6.69 

1.(9 

6.36 

6,91 

1.51 

2.87 

2.12 

3.61 

6.21 

3.23 

.66 

6.A2 

6.19 

.77 

7.6* 

2. *2 

1.02 

A, 76 

9.A6 

.** 

9.61 

9.17 

.53 

*.♦7 

2,30 

2. *2 

A. 32 

A. 06 

.76 

A. 26 

*.17 

. *7 

1 . *3 

2.19 

1.10 

3.61 

A. 30 

1.62 

3.05 

3.75 

.79 

1.56 

1,96 

1.07 

2.66 

A. 69 

1.29 

2 . 1 A 

7.A9 

1.7* 

1.35 

1.72 

.60 

2.A7 

A. 97 

1.92 

1.67 

7.96 

!.•• 

1.7* 

1.96 

.00 

2. At 

3.90 

1,29 

1.A3 

!.•• 

1.  *0 

1 .1° 

1.A2 

I kUtKlk’iWiiltiV  g >\V  h ! 


WMin  1 
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OATA  SET-05 


CIRCUMPERENTIAl  POSITION  • 90,1  4FS. 
(IN  LINE  WITH  JETS) 


AOS. (CM) 

6.05 

9.51 

10.43 

12.90 

14,** 

18.4? 

71.  >9 

26.22 

KAO.  COS. 

UNBURNEO  HTDROCAAPCnT 

(PPM) 

(CM) 

5.44 

0.0 

399.2 

7*8,4 

2661.5 

919,0 

T 

264.8 

•l.P 

A. BA 

2195.9 

1996.1 

133.1 

5216.5 

194,9 

» 

1*4.4 

109.1 

A. 21 

92869.1 

A2917.2 

I 

7731.9 

119. B 

T 

•6.8 

85.2 

1**5 

58552.2 

6A673.5 

0.0 

4724.1 

458.  A 

T 

78.0 

172.4 

1.02 

71061.0 

72657.9 

2395.3 

1621.5 

173.0 

T 

102.5 

98.5 

2.A2 

•0509.2 

71589. A 

13972.7 

638.6 

412. 5 

T 

179.1 

109.1 

1. 60 

66A9Y.5 

72258.7 

37929.8 

1104.9 

771. A 

T 

1*8.1 

110.5 

1.07 

•8960.5 

6A1A1.2 

14771 • 1 

1906.1 

*65.0 

T 

146.3 

118.4 

.60 

91022. C 

90939.9 

4524.9 

1916.3 

998.0 

T 

190.8 

193.1 

.00 

emo.7 

19428.7 

1790,0 

1038.0 

034,7 

! 

174.3 

129.1 

KAO.  AOS . 

CO 

(PPM) 

(CM) 

5.AA 

A67.0 

• 89.1 

2102.7 

2403.1 

608.6 

T 

480,6 

235.7 

A.9A 

2A62.5 

2079.8 

791.0 

9291.4 

1094.1 

T 

347,2 

282.1 

A. 29 

19A9.0 

9336.6 

226.9 

9333.0 

2791.3 

T 

2*0. P 

217.  C 

9.69 

9291.7 

3296.1 

126.0 

9278.1 

7102.A 

T 

771.7 

282.3 

9.02 

92AA.9 

3258.9 

• 31.2 

2704. 9 

1474.5 

1 

759.7 

269.2 

2.A2 

9309.1 

3289.1 

2761.3 

1316.8 

915.8 

T 

287.3 

260.2 

1.80 

99A6.9 

9910.9 

3247.9 

1243,4 

PAO.I 

T 

248.8 

240.5 

1.07 

DAO. 2 

393A.O 

3075.9 

1214.7 

920.7 

t 

>85.7 

237.2 

.60 

93A5.1 

3331.0 

1852.9 

960.9 

444.8 

T 

2*1.8 

229. C 

.00 

33A6.0 

2890.0 

908.4 

703.2 

743.2 

T 

747.4 

222.8 

KAO.  PCS. 

NQX 

(PPM) 

(CM) 

5.AA 

AS. A 

26.9 

41.9 

50.9 

20.1 

T 

24.6 

16.8 

A.8A 

77.2 

36,9 

16.9 

70.0 

52.4 

T 

>0.9 

21.6 

A.  29 

77.9 

92.9 

6.2 

78.1 

81. A 

T 

?«.l 

24.2 

9.69 

A0.1 

96.5 

5.0 

75.0 

77.5 

T 

24.5 

25.3 

9.02 

90.1 

28.2 

8.9 

63.8 

49.4 

T 

24.3 

25,6 

2.A2 

C9.3 

27.7 

20.7 

45.0 

47.5 

T 

29.5 

23.7 

1.00 

29.5 

27,0 

32.1 

30.2 

97.4 

T 

37.4 

21.* 

1,07 

22.1 

27.7 

29,0 

21.9 

24.7 

T 

3*. 6 

19.1 

.60 

29.5 

28.2 

19.1 

18.3 

70. 8 

T 

17.6 

17,4 

.00 

2 A,  7 

25.  A 

19.1 

15.7 

19.6 

t 

13.1 

16.4 

RAO.  POS. 

C02  (PERCENT) 

(CM) 

9.AA 

2.70 

1.71 

3.97 

4.21 

1.42 

f 

2.76 

1.47 

A. PA 

5.01 

2.97 

1.70 

6.90 

4.36 

T 

>.68 

1.92 

A. 29 

7.05 

6.22 

.30 

7.16 

4.90 

T 

2.61 

2.16 

9.6) 

5.15 

A. 52 

.09 

6.84 

6,90 

T 

>.41 

2.27 

9.02 

A. 00 

9.71 

.43 

5.97 

4.97 

T 

7.10 

1. 17 

2.  A 2 

2.99 

9.98 

2.23 

4.49 

4.80 

T 

1.85 

2.17 

1.90 

2.71 

3.92 

A,  25 

3.28 

7.18 

T 

1.60 

1.91 

1.07 

2.18 

A. 17 

3.89 

2.31 

2.60 

T 

1.37 

1.71 

.60 

2.A1 

A. 34 

2.04 

1.71 

7.10 

t 

1,2* 

1.56 

.00 

2.79 

9.16 

1.32 

1 .47 

1.88 

T 

1.18 

1.42 

364 
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OATi  SET-06 


CI4CJHFEPfNTIAi.  POSITION  • 
(IN  8FTWEEN  JET? I 


■ft*  MOi  ZB  BtBT  QtMltTY  FJUCTItUBL* 
wo*  oon  nmisHss  ro  ddo 

0.0  !>FG» 


AX, POS. (CHI 

6.51 

12.90 

15.37 

16.92 

?f.22 

«iO.  POS 

• 

UNSIGNED  MY0*0C*#4CN* 

(p»») 

ICN| 

J 

5.64 

796.4 

12506.9 

1463.6 

212.9 

344.3 

r 

4.64 

30207.6 

32469.6 

9960.5 

416.2 

134,4 

4.23 

55092.3 

31937.5 

10776.9 

239.5 

104.9 

1 

3.69 

67601.1 

14371.9 

6762.6 

425.6 

69.2 

3.02 

71194.1 

7*51.3 

4923,7 

319.4 

66.5 

t: 

2.42 

76517. C 

2927.6 

1596.9 

439.1 

124.1 

|. 

1.60 

61706.9 

5496.0 

1463.6 

665.4 

1 *0.  9 

1.07 

66630.6 

7452.1 

2262.2 

964.7 

»4P,6 

1'  # 

.60 

68493.6 

7139.9 

2661.9 

1397.3 

263.4 

r fli 

.00 

68227.5 

4923.7 

3326.* 

1676.7 

306.7 

f 

4 AO.  POS 

• 

CC 

(PPPI 

1 

(CHI 

1 

5,44 

926.1 

3282.0 

2716.0 

2629.3 

412.7 

i 

1 

4.64 

3344.6 

3309.1 

3344.6 

3099.9 

301.9 

1 

4.23 

3196.4 

3234,1 

>327.2 

1106.6 

421.9 

* 

3.63 

3164.6 

3323.3 

3327.2 

619.6 

>94.4 

3.02 

3203.9 

3267.9 

3346.6 

717.0 

394.4 

2.42 

3234.9 

2636.7 

3023.9 

663.1 

421.3 

1.60 

3277.4 

2457.9 

2292.2 

751,4 

456.2 

1.07 

3317.4 

2416.6 

2026.9 

966.6 

496.4 

( 

.60 

3339.2 

2096. 2 

2004.6 

1266.1 

514.0 

.00 

3345.2 

1735.6 

1631.7 

1377.6 

52*. • 

PAD.  POS 

t 

NCX 

(PPH> 

(CHI 

5.44 

39.5 

46.7 

42.3 

49.4 

26.1 

4.64 

65.0 

63.4 

72.6 

60.4 

39.9 

1 

4.23 

51.6 

74.7 

66.4 

49.3 

41.0 

l 

3.63 

41.0 

77.3 

94.9 

29.9 

51.0 

1 

1.02 

36.0 

66.4 

62.4 

22.0 

44.1 

2.42 

31.4 

46.7 

99,9 

19.0 

42.2 

1.60 

27.5 

11.6 

42.8 

19.6 

16.7 

1.07 

24.1 

24.6 

30.1 

22.5 

31.2 

! 

.60 

23.2 

21.9 

24,6 

25.6 

26.9 

.00 

22.6 

21.9 

22.6 

26.6 

24.9 

PAD.  POS 

. 

C02  (PEPCENTI 

i' 

(CHI 

j 

5.44 

2.16 

4.12 

4.12 

4,67 

2.44 

['  / 

4.84 

6.00 

6.35 

6.70 

6.96 

7.61 

1 w 

4.23 

5. *2 

7.03 

7.64 

4.96 

4.90 

3.63 

4.40 

7.52 

7.64 

2.91 

4.11 

3.02 

4.01 

7.06 

7.60 

2.10 

3.90 

2o  42 

B.7C 

5.70 

6.69 

1.69 

9.45 

fj 

1.80 

3.34 

3.67 

9,10 

1.77 

9,11 

1.07 

2.96 

2.66 

3.70 

2.17 

2. *2 

.60 

2.74 

1.99 

2.92 

2.56 

2.42 

.00 

2.67 

1.64 

2.4t 

2.74 

2.19 

I 
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DAT*  SET-06  CI*CUPFe»ENT!Al  PCSITIO*  • 19.1  966. 


PCS. (CM) 

6.91 

12.90 

13.37 

16.62 

26. !» 

SAC.  POS 

• 

UN6U* 4’ED  H70#CCA»PCN< 

(PP“> 

(CHI 

9,44 

c.o 

7891.3 

790.4 

736,3 

446.9 

4.04 

6762.6 

6117.9 

9904.1 

969.9 

270.1 

A. 23 

36097.3 

24066.2 

7092.9 

266.1 

190.4 

1.63 

92430.6 

16900.1 

3993.0 

93.1 

77.2 

I. Cl 

66936.6 

*847,4 

9096.6 

119.6 

41.9 

2.41 

74294.6 

2661.9 

1197.7 

166.3 

119.4 

1.60 

78779.3 

9169.9 

1197.7 

372.6 

223.6 

l.CT 

64102.2 

0316.7 

2349.3 

964.7 

267,9 

.60 

66360.9 

6914,6 

3499.9 

1337.3 

320.7 

.00 

41199.1 

3722.1 

3993.0 

1930.3 

323.4 

*40.  *03. 

(CM 

9.44  922.4 

3141.2 

CO 

1349.9 

IPPP) 

2211.2 

949.4 

4.64 

3262.0 

3336.9 

1290.2 

2704.9 

970.9 

4.23 

3277.4 

3321.9 

3341.9 

637.5 

904.7 

3.63 

3192.6 

3339,2 

1344.4 

$63.6 

474,6 

3.02 

3207.6 

3339.7 

3346.9 

219.7 

444.0 

2.42 

3241.2 

2911.1 

3096,1 

326.6 

490.1 

1.60 

3277.4 

2937.9 

2211.2 

610.1 

479.9 

1.07 

3316.9 

2467.1 

2066.9 

1026.9 

999.9 

.60 

3341.9 

2134.2 

1995.9 

1336.2 

940.4 

.00 

3346.0 

1711.2 

1911.7 

1405.6 

939.9 

*40.  00$. 

(CHI 

V, 44  42.3 

46,1 

NOX 

36.2 

(P*0> 

90.9 

29.1 

4.64 

99. C 

60.9 

71.4 

69.2 

36.9 

4.23 

69.7 

70.2 

91,3 

16.1 

49.0 

1.61 

67.9 

77.6 

93.7 

9.0 

49.9 

3.02 

37.7 

71.9 

62,6 

7.3 

47.2 

2.42 

30.1 

91.0 

62.1 

10*1 

4?.9 

1.60 

27.2 

33.0 

41.1 

16.4 

3 7.0 

1.07 

29.2 

29.1 

30.7 

22.9 

31.3 

.60 

24.2 

21.6 

29.6 

26.3 

?6. 9 

.00 

22.9 

21.0 

24,9 

27.0 

2*.l 

•40.  *0$. 

(CP) 

3.44  2.39 

4.02 

COI  (PERCENT) 

3.27  4.76 

2.00 

4.64 

6.70 

9.91 

6.96 

9.93 

3. *4 

4.23 

7.11 

7.06 

7.71 

1.49 

3.74 

1.61 

3.67 

7.49 

7,69 

.60 

4.00 

3.02 

4.94 

7.13 

7.36 

.42 

3.90 

2.4| 

3.67 

6.13 

6.79 

.76 

3.96 

1.60 

3.26 

4.30 

4,76 

1.41 

3.19 

1.07 

2.92 

2.91 

3.76 

2.33 

2.7* 

.60 

2.64 

2.02 

2.91 

2.70 

2.41 

.00 

2.93 

1.60 

2.44 

2.68 

2.19 
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OATA  SEt-06 


AX.POS.tCO 

RAD.  POS. 
(C«> 

5,  A* 

A . 8 A 
U) 
3.61 
5.02 
2.42 
1.80 
1.01 
.60 
.00 


CIRCUMFERENTIAL  PCSITK*  • 10.1  OPS» 

as  use  with  jstsi 


18.82  26.22 


12.90  19.H  18.82 

UN8URNE0  HYOROCiMCN* 


113*1 
1060.1 
10119. T 
A71C1.9 
11851.6 
(2219.2 
(1419.0 
91111.2 
948(1.1 
908(8.9 


15(1.2 

24096.2 

16462*0 

240(6*2 

8(49.8 

1191.0 

5122.9 

5189.9 
6919.8 
5016*8 


173C.C 

11(5.9 

1450.9 

1185.4 

4114.1 

2528.4 

1147.1 

2124.2 

2921.6 

2927.6 


RAO.  POS. 
<C(> 
1.44 

1269.3 

1122.0 

CO 

1191.1 

4.64 

2166.9 

3324.6 

2108*1 

4,21 

1117.1 

1272.4 

1299.7 

1*61 

1118.9 

1112.6 

1101*7 

3,02 

1247.1 

1119.9 

1119.1 

2.42 

1211.2 

1102.6 

1171.4 

1.80 

3289.1 

2813.4 

2426 , 0 

1.07 

3324.6 

2166.9 

20a3  «( 

.60 

3138.4 

2184.0 

1961.2 

.00 

1338.4 

1719.4 

1810.6 

RAO.  POS. 
ICO 
5,44 
4.84 
4.21 
1.61 
1.02 
2.42 
1.80 
1.07 
.60 
.CO 


RAO.  POS. 

tern 

1.44 

2.48 

1.11 

4.84 

5,05 

6.87 

4.23 

7.21 

7.26 

1.63 

6.47 

7.26 

3.02 

4,11 

7.34 

2.42 

3.21 

6.12 

1.60 

2.93 

4.66 

1.07 

? .68 

1.11 

.60 

2.16 

2.09 

.00 

2.69 

1.6* 

l°t  o. 5 
69*. C 
4(5.8 
212.6 
91.2 
11!. 0 
4!!. 4 
1071.9 
14«C.4 

1146.4 

IPPO 

2618.5 
11C7.2 

82*. 9 
4(8.6 
2C6.6 
284»5 
111.1 

1211.6 

1110.1 

1181.1 


NCR  <PPP» 


C02  (PE»CE*T) 


(OP*) 

*05,4 

171.7 
04*8 
(9,2 
•l.P 

114.8 
150,4 
246.2 
294,1 
15P.4 


457.0 

162.1 

111.1 

460.4 

Afl.4 

442.4 

492.0 
428.9 
118.8 

114.1 


% 

„ 


- -viw, ..  iws »u u-mw 9*Vm «. tiw.iw, 


■XI PAQB  IS  B>5T  QUALITY  PRAOIICAiJH 

IPU  qfipy  HMUSHK)  to  ddq 


DATA  SIT-C7 

CIRCUPPCPf ST|AL  POSITION  . 

' 0.0  0P6. 

(IN  AfTWEIM  JITS) 

AX.POS.K"! 

6.09 

8.91 

10. A3 

12.90 

1*.  17 

1*.»* 

2*. 2? 

PAD.  PCS* 

UNBU*N£D  HTOROCAPBPnS 

IPPIM 

ten) 

9.AA 

I 

1197.7 

3060.7 

291  A. 3 

1187,7 

9*9.* 

3®S,® 

A. 8* 

0.0 

21997.1 

23993.9 

69A7.2 

7*9.1 

A29.A 

391.7 

*.23 

669*  A 

A8971.7 

3A329.0 

A271.6 

372.6 

836 , A 

*61 . 1 

t.t! 

6121. A 

6AA07.A 

23A20.9 

18A4.7 

611.7 

62*. A 

9*7.9 

S*  02 

93CC2.1 

7292A.I 

33*01 . 3 

136**0 

919,0 

A1P.9 

362.0 

2.  *1 

*9769,3 

77182. A 

212«1.7 

2661.9 

1*17.2 

34®.* 

MT.I 

1.60 

600)6*0 

71699.9 

21196.6 

AA16.0 

29*1.7 

99P,® 

9®6,6 

1.0? 

672C1.9 

6906A.9 

1A90A.2 

*697.6 

>169,7 

829.1 

*66. A 

«6C 

61037.6 

69338.9 

UPAS.  9 

9369.9 

9926. A 

126*. 2 

A92.0 

.00 

92AI9.B 

AA319.9 

9189.4 

3A*6 .6 

»*ft,l 

1970.9 

*16.9 

RAD.  POS. 

CO 

tPPPt 

tern 

).U 

321.6 

1074 . 1 

1627.1 

2016.0 

1177, A 

®T0.2 

927.3 

A.  IA 

6A0.9 

3112.9 

3290.2 

3066.6 

>1*7.9 

49«.1 

6A2.7 

A. II 

2019.6 

33A6.9 

33A0.2 

310®. 2 

PA96.A 

481. A 

666*8 

9.61 

9269.7 

3336.8 

3264.6 

1136.1 

23*0.2 

729.0 

6*9.6 

1.02 

31A2.9 

33*9.2 

2466.0 

2979.9 

2004*2 

912. » 

*22.8 

{.At 

9120. A 

33AA.0 

2696. A 

2161.3 

176*. 7 

*37.0 

610.3 

1.10 

3323.3 

3330.0 

2A69.S 

2270. A 

190*. 1 

921. * 

979.0 

1.07 

93A6.0 

3308.1 

2346.9 

2116.2 

1*®1 . A 

701.1 

662.1 

.60 

3118.1 

32A9.6 

22A7.6 

1760.9 

1703.1 

4?3.1 

91T.1 

.00 

3207.9 

2996.3 

1972.9 

1A09.6 

IA67.P 

1016.1 

922. A 

RAD.  POS. 

NOY 

tPPP) 

ten) 

9.AA 

37.0 

26*1 

26.2 

2A.9 

20.7 

23. A 

13. A 

A.IA 

A9.A 

91.6 

90.) 

A6.A 

AT. 7 

3*. 9 

1®.P 

A.ia 

68.9 

93.8 

91. A 

60.  A 

AA.9 

20.9 

25.9 

9.61 

60.2 

36. A 

39. A 

97.7 

66. A 

13.9 

21.6 

1.02 

67.1 

26.9 

20.1 

AA.9 

*2.9 

9.9 

21.1 

2.  AT 

92.8 

23.9 

13.8 

29.0 

19.9 

9.9 

14.9 

1.80 

A9.7 

21.7 

11.4 

21.0 

2*. 9 

M 

17.9 

1.07 

32.9 

22.1 

11.9 

16. A 

19,6 

10.6 

19.6 

.60 

23.7 

21.7 

11. A 

1 A . 0 

17.1 

12.9 

1*.9 

.00 

18.2 

20. A 

11. A 

1 A,  6 

16.2 

1 A .0 

13.* 

RAO.  PCS. 

C02  (PEPCIKT) 

tern 

9.AA 

2.96 

2.27 

2.38 

2.9A 

2.09 

2.91 

1.A2 

A. BA 

3.99 

9.1A 

9.91 

9. 1C 

*.79 

A. 06 

1.97 

A. 29 

9.9A 

9.8A 

6.17 

6.17 

6,23 

2. ’99 

2.77 

1.61 

6.79 

A. 61 

9.01 

6.A8 

6. AT 

1.94 

2.7* 

1.02 

6.91 

3.A7 

2.74 

9.39 

9.69 

1.02 

7.7* 

2.A2 

9.A2 

3.12 

1.71 

3.69 

*. 30 

. 7T 

2.11 

1.80 

A. 69 

3.00 

1.41 

2.7A 

3.29 

.8* 

1.91 

1.0? 

3.9A 

3.19 

1.24 

2.06 

P.AA 

1.13 

1.T0 

.60 

2.99 

3.33 

1.33 

1.62 

1.99 

1.*3 

1.93 

.00 

1.87 

2.69 

1.20 

l.A) 

1.79 

1.9® 

l.A! 

368 


Jfilg  PiOR  IB  BEST  QUALITY  PRACIICABU 
THOU  OOP Y WKHISHBD  TO  DPO  


DATA  SET-07 


CIRCUMFERFMTIAl  POS1TIOK  ■ 15.1  OFG. 


AX.POS. (CM) 

6.05 

0.51 

1C. 53 

12.90 

15.3? 

1*.«» 

’6.2’ 

RAC.  POS 

• 

UN6URNED  HYDROCARBONS 

(POH) 

(CM) 

5. 55 

I 

1330.7 

*391 .5 

2515.1 

9 °1 . 6 

’85.  ’ 

*00,0 

5. 95 

I 

13051.2 

5525.5 

2960.6 

612.1 

212.9 

*■*9,  * 

5.23 

0.0 

*2716.5 

1*63.6 

5283. 0 

519.0 

3*6.0 

*32.5 

3.63 

15636.0 

5935C.6 

532.3 

236,8.7 

811.7 

239.9 

*16.5 

3.02 

55655.1 

70661.8 

3060.7 

1025.7 

878,3 

133.1 

?**.o 

2.52 

509  67. 0 

69996.5 

8915.9 

1730.0 

1225.3 

2?*.’ 

3*1.9 

1.80 

57620.7 

71859.5 

19695.6 

'779.3 

222?. 3 

*05.7 

356.6 

1.07 

66137.3 

70262.6 

25550.0 

3859.1 

31*0.3 

951.7 

*?9.1 

.60 

82239.2 

55959.2 

11710.5 

5058.7 

?ie?. 3 

1550.5 

*•3.1 

.00 

93550.5 

52550.3 

5936.3 

3153.8 

’?*1.3 

1303.7 

*6*.* 

RAD.  POS 

« 

CO 

(PPM) 

(CM) 

5.55 

190.9 

1079.8 

2286.7 

1395.6 

o?».l 

955.8 

5*2.1 

5.65 

362.1 

3228.6 

2669.7 

2782.8 

11*’. 1 

770,2 

*5’.* 

5.23 

1155.0 

3556.2 

1169.2 

3135.9 

2093.8 

327.3 

6®9,f 

3.63 

2950.5 

3350.6 

530.3 

3125.5 

2170.* 

357.6 

*?*.  2 

3.02 

3355.8 

3353.0 

631.6 

2731.1 

’ DC*  , 8 

229,3 

6**,* 

2.52 

3325.9 

3356.6 

1760.5 

2120.7 

16*°.  9 

260.9 

6’?.* 

i.eo 

3323.9 

3355,0 

2697.5 

2261.3 

!•??.» 

557.0 

••1,0 

1.07 

33*6.5 

3350.2 

2938.8 

2107.2 

1739,0 

753.2 

5?0.5 

.60 

3303.* 

3303.5 

2596.9 

1760.5 

16*9.8 

976.5 

550.* 

.00 

3165.9 

3079.0 

1655.8 

1391.’ 

1*70.9 

103’.* 

*2?.? 

NOX  ( PPM) 


(CM) 

5.55 

15.5 

29.2 

26.7 

23.5 

15.1 

2*. 9 

1’.* 

5.65 

26.2 

67.9 

26.3 

88.2 

*6,5 

36.8 

17.1 

5.23 

56.2 

59.8 

9.1 

56.3 

8?. 9 

13,3 

?o.o 

3.63 

75.2 

53.8 

5.0 

62.5 

66.8 

7.5 

’1.0 

3.02 

70.1 

35.7 

8,7 

52.7 

53.0 

5.9 

»!  .0 

2.52 

58.2 

31.9 

7.6 

35.5 

39.? 

5.9 

10.1 

1.60 

39.2 

31.1 

12.2 

28.6 

29.0 

*.3 

1*.* 

1.07 

30.1 

30.7 

16. C 

16.0 

1 0 . 6 

11.6 

1**2 

.60 

23.0 

30.3 

12.6 

15,2 

17.1 

13.0 

13.9 

.00 

18.7 

25.9 

11.3 

18.5 

1*.1 

18.7 

13.3 

D.  POS. 

C02  ( PFPCENT ) 

(CM) 

5.85 

1.09 

2.18 

3.19 

2.31 

l.‘l 

1.3* 

5.65 

2.13 

6.26 

3.38 

8.62 

3.76 

8.03 

1.91 

5.23 

3.75 

6.30 

.99 

6.23 

5.93 

1.85 

’.** 

3.63 

6.13 

5.96 

.35 

6.67 

6.?’ 

.?» 

’.31 

3.02 

6.61 

3.87 

.28 

6.08 

5.79 

.86 

2.’* 

2.52 

5.05 

3.56 

.62 

*.83 

*.‘9 

.*3 

?.!’ 

1.60 

*.51 

3.66 

1.80 

3.08 

3,?9 

.75 

l.’l 

1.07 

3.55 

3.88 

2.27 

2.12 

?.*? 

1.19 

1.60 

.60 

2.35 

5.21 

1.53 

1.68 

2.08 

1.58 

1.93 

.00 

1.76 

3.20 

1.21 

1.81 

1.93 

1.61 

1 . *1 

SHIS  PAGE  IS  BEST  QUALITY  FRACTlCAfilA 
Jsoa  oopy  rural  shed  to  dog , 


DATA  SET-07  CIRCUMFERENTIAL  ‘CSITICN  • 70.1  DF6  , 

(IN  LINE  WITH  JETS) 


POS. (CM) 

6.05 

8.51 

10.43 

12. 9C 

15.37 

19.4? 

36.22 

B'-O.  POS. 

UN9URNE0  HYC 

fCCAf 5C*« 

(PPM) 

(CM) 

3.44 

I 

1330.7 

3326. e 

14eC,4 

*70.1 

465.6 

424,5 

4.6* 

133.1 

796.4 

*361.5 

505.7 

365.0 

431.2 

4. 23 

6520.6 

44446.4 

C.C 

5562.5 

771,6 

306.1 

440,5 

3.63 

35629.7 

62677.4 

390.2 

56C2.4 

3*6.0 

2*6,1 

376,3 

3.02 

51765. * 

70129.5 

7719.2 

3326.9 

106*.  6 

173.0 

400,6 

2.42 

56023.6 

72256.7 

26215.4 

1660.  t 

1171.0 

1*6. 3 

3*7,3 

1.60 

64939.7 

71327.2 

30606.6 

3*59.c 

2*?o.o 

470.) 

412,5 

1.07 

736  55. 6 

62610.5 

25293.9 

6201.2 

?«*7.4 

1001,2 

423,2 

.60 

84900.6 

55092.3 

8117.5 

5243.1 

3*50.9 

1*23.0 

377.0 

.00 

93663.5 

35929.7 

3992.2 

3353.4 

703*.  1 

1417.0 

363.3 

RAD.  POS. 

CC 

(PPM) 

(CM) 

5.44 

366.5 

1193.5 

2462.5 

1926.0 

9*6.0 

1123.2 

546.7 

4.64 

964.2 

2*39.7 

1074.1 

3177.3 

12*0.2 

730.4 

639.1 

4.23 

2930.9 

3327.9 

291.6 

3.329 . C 

23**. 2 

637,3 

605.4 

3.63 

3342.0 

3346.0 

317.3 

3265.6 

2160.5 

4«7.3 

663.0 

3.02 

3315.6 

3346.5 

1627.1 

3COC.3 

2147.6 

263.3 

6*3.1 

2.42 

3305.5 

3342,6 

2934.9 

2303.9 

1*62.9 

226.3 

*22.6 

1.60 

3312.6 

3324.5 

3171.4 

223*. C 

176*.7 

45*. 7 

502.6 

1.07 

3343.7 

3291.4 

2996.3 

2179.* 

1706.0 

706.0 

562.1 

.60 

3311.1 

3160.1 

2279.6 

17*9.1 

1**6. 9 

1024.2 

547.0 

.00 

3223.6 

2795.5 

1445.3 

137*. 1 

1450. 6 

10*6.1 

52*.l 

HAD.  POS.  NOX  (PPM) 


(CM) 

5.44 

22.3 

16.9 

32.9 

25.9 

11.3 

23.6 

13.6 

4.84 

47.9 

29,8 

8.3 

56.6 

’0.0 

71.  D 

17.6 

4.23 

76.8 

44,1 

4.0 

69.2 

63.7 

13.6 

10.7 

3.63 

62.6 

34,5 

4,2 

63.6 

*3.1 

0.4 

21.2 

3.02 

59.9 

27.2 

9.0 

54.4 

44.0 

3.0 

71.3 

2.42 

*5.6 

24,8 

17.1 

*5.6 

’*.? 

4.3 

10. o 

1.60 

36.6 

24.4 

20.6 

26.6 

7*.l 

*.? 

17.2 

1.07 

23.7 

25.0 

1P.C 

10. C 

10. 0 

12.4 

14.? 

.60 

21.3 

25.0 

13.9 

15.9 

16.6 

14.6 

13.8 

.00 

16.4 

23.1 

11.6 

15.0 

13.3 

14.4 

13.1 

RAO.  POS.  C02  (PERCENT) 

(CM) 


r 


$ 


DATA  SET-06 


CIPCU-FERENTfAL  PCS  I TI  ON  • 
(IN  8FTWES4  JETS ) 


1618  PA®  IS  B&ST  QUALITY  PRACIICABU 
pwm  oopy  nmisasD  ro  ddg  

o.o  OPS . 


AX  .POS. (CP) 

i 

10.43 

12.90 

15.37 

18.62 

21.29 

26.32 

RAO.  POS. 

UNBURNED  HYDROCARBON 

(PPM 

i <CM) 

5.44 

202.5 

192.0 

262.5 

139.5 

166,9 

1*7,9 

1 A. 64 

337.5 

66.0 

75.0 

76.5 

100.5 

1*7.3 

v 4.?3 

339. C 

40.5 

24.0 

102.0 

97.5 

171.0 

i J 3.63 

166.0 

42.0 

36.0 

94.5 

96,0 

153.3 

2 3.02 

225.0 

64.0 

79.5 

79.5 

99,0 

124.9 

1 2.42 

273. 0 

172.5 

149.5 

76.0 

99.0 

n>.9 

r 1.80 

316.  C 

276.0 

210.0 

93.0 

97,5 

103.5 

1.07 

400.5 

370.5 

246,0 

116.5 

132.0 

91.8 

*1  .60 

439.5 

429.0 

236.5 

144.0 

138.0 

47.3 

A .00 

336.0 

349.3 

311.5 

157.5 

103.0 

■1.3 

| RAD.  PD5. 

CO 

(PPP) 

(CM 

5.44 

2923.0 

2371.1 

1678.9 

1265.6 

1054,4 

901.1 

4.64 

3335.7 

2629.7 

1619.2 

1156. C 

986.8 

1111.5 

i 4.23 

3336.9 

2494.4 

1243.4 

966.6 

80*. 4 

119?. • 

3.63 

3047.5 

1785.5 

1129.1 

667.7 

631.2 

11*9.7 

3.02 

2674.1 

1715.3 

14*9.  3 

552.0 

772,3 

1144.0 

2.*2 

2393.9 

1756.4 

1711.2 

594,6 

747,3 

10»».i 

,■  1.60 

2009.2 

1760.5 

1766.6 

753.5 

743.2 

9*6.6 

) 1.07 

1591.6 

1756.4 

1676.9 

1091.2 

752.9 

9*4.4 

' .60 

1662.6 

1703.1 

1727.6 

1363,7 

633.4 

•47,1 

j .00 

1662.6 

1627.1 

1699.1 

1430.6 

952.9 

•31.2 

! RAO.  POS. 

NOR 

(PPP) 

(CPI 

5.44 

72.0 

50.2 

36.3 

27.2 

20.9 

17.3 

4.64 

116.5 

92.7 

65.7 

23.3 

23.1 

22.5 

I **23 

106.2 

83.7 

74.9 

15.4 

20.9 

2*. 5 

| 3.63 

65.0 

62.5 

63.0 

13.7 

20.4 

>».  3 

f 3.02 

27.7 

33.5 

36.0 

10.9 

16.5 

27.0 

! 2.42 

16. C 

19,0 

23.7 

10.4 

14.5 

23.* 

! 1.60 

12,7 

14.2 

19,1 

11.4 

13.1' 

18,5 

! 1.07 

10.7 

13.8 

17.6 

13.1 

13.7 

17.4 

1 .60 

9.6 

12.5 

16.9 

13.4 

l*.l 

1*.* 

j .00 

10.  5 

12.7 

17.3 

13.4 

12.  y 

1>.» 

f RAD.  POS. 

C 02  (PERCEPT) 

(CP) 

f,  5.44 

6.16 

5.39 

4,55 

*.4t 

3.8* 

2.21 

f 4 4.64 

9.15 

7,06 

6.26 

3.46 

8.11 

2. *9 

j:  *.23 

9.62 

7.46 

6. 86 

2.33 

2.92 

3.  69 

3.63 

6.56 

6.22 

5.67 

1.51 

2.*T 

3.02 

r 3.02 

3.66 

4.62 

4.9C 

1.12 

2.19 

3.11 

; ft  2.42 

2.65 

3.20 

3.72 

1.11 

1.99 

2.97 

; 1.60 

2.12 

2.50 

3.01 

1.37 

1.90 

2.75 

1.07 

1,61 

2.15 

2.56 

1.90 

1.73 

7.44 

.60 

1.60 

2.02 

2.50 

2.40 

1.76 

2.79 

f .00 

1.65 

2.06 

2.57 

7.66 

1.80 

’.11 

371 


. .w.*x 


y 


if-. 


1 


ggii  tin  is  Btsi  q\jai.itx  mcncAJW 
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OAT*  SET-08  ClRC'J“FERfNTIU  POSITION  • 30.1  OPS. 

(IN  LINE  WITH  JETS* 


AX. POS. (CP) 

10.43 

12.90 

15.37 

16.62 

21.29 

26.2? 

i; 

RAO.  POS. 

UNIl'RNEO  HTORCCARBOK'4 

(0PM) 

i, 

»cw 

5.AA 

413.3 

3*9.0 

640.0 

301.3 

3*?.  3 

)7?,0 

> 

A. 84 

643.3 

116.3 

171.0 

296.5 

173.5 

321.0 

4.23 

592.3 

33.0 

30.0 

132.0 

139.0 

229.9 

: i 

3.6) 

334.0 

34.3 

16.0 

84.0 

130.3 

177,0 

9.02 

294.0 

37,0 

42.0 

62.5 

121.9 

189.3 

2.42 

165.0 

124.3 

106.3 

83.3 

120.0 

1*4.0 

1.P0 

226.3 

223.0 

176.3 

112.3 

111.0 

117.0 

1.07 

949.3 

3*5.0 

217.3 

134.5 

115.9 

109.0 

.60 

442.3 

*02.0 

229.3 

131.3 

102.0 

103.3 

j 

.00 

361.0 

321.0 

206.3 

147.0 

94.9 

91,9 

RAD.  POS. 

CO 

<PPH> 

ICHT 

i 

3.44 

2942.7 

30*2.4 

2206.7 

1269.3 

1*09.8 

981.6 

i 

i 

4.64 

1192.6 

9128.6 

2463.9 

621.0 

12*9.1 

1147.0 

4*23 

806.4 

2602.9 

1947.7 

379.7 

1163.1 

17)7.0 

i 

3.63 

1446.4 

1052.1 

1459.6 

240.6 

1094.4 

; 221 . 9 

3.02 

2373.4 

2C18.0 

1326.7 

295.9 

1000.9 

1349.9 

j 

2.42 

2893.0 

21*7.8 

1393.9 

394.6 

08*.? 

1265.8 

) 

1.60 

2769.9 

2129.7 

1034.7 

1046.9 

4*3.1 

1165.1 

j 

1.07 

2663.3 

1978.4 

1969.6 

1485.6 

973.6 

100*. 0 

] 

.60 

2430. 5 

1631.7 

1663.7 

1629.1 

906.0 

*99.7 

j 

| 

.00 

1827.5 

1654.8 

1736.4 

1304.2 

•40.? 

X99.7 

1 

RAO.  POS. 

NOT 

tPPKl 

(CM 

3.44 

42.7 

47.3 

19.6 

13.0 

16.1 

16.9 

4.64 

12.0 

02.2 

62,3 

11.0 

27.9 

2*. 9 

4.23 

9.3 

•7.7 

82.3 

8.6 

21.9 

73,6 

3.61 

13.9 

63.2 

73.7 

9.6 

22.9 

31  .7 

i 

9.02 

18.3 

42.0 

46.6 

9.6 

17.3 

27.7 

\ 

2.42 

26.3 

26.3 

24.8 

11.3 

15.4 

?*  . 9 

1.60 

22.0 

17.3 

16.1 

13.6 

14.1 

21.1 

\ 

1.07 

13.7 

14.7 

14.2 

13.3 

1 *«  9 

19.1 

i 

.60 

11.7 

13.5 

19.1 

13.6 

12.7 

16.3 

| 

.00 

10.3 

13.5 

12.6 

15.6 

12.1 

14.9 

RAD.  POS. 

i*y| 

C02  (PERCENT) 

* Cr  9 
3.44 

3.00 

6.28 

3.73 

2 . 92 

9.1? 

2.18 

! 1 

4.64 

.95 

5.63 

6.92 

1.29 

2.34 

7.87 

• 

4.29 

• 30 

9.96 

7.99 

.39 

9.19 

3.44 

9.63 

.93 

6<  64 

7.27 

.36 

2. *9 

3.67 

9.02 

2.44 

3.53 

6.01 

.34 

7.66 

3.  *3 

2.42 

4,49 

4.29 

4.33 

1.10 

?.*l 

3.99 

1 1 

1.60 

4.19 

3.13 

3.30 

1.96 

2.20. 

9.14 

1.07 

3,30 

2.47 

2.99 

2.39 

?.n 

7.  79 

1 

.60 

2.76 

2.20 

2,69 

2.39 

1.59 

2.34 

1 

.00 

1.87 

2.06 

2.62 

2.76 

1.79 

7.14 

I 


I 


ti 
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DATA  SET-09 


AX. POS. (CM) 

RAC.  POS. 
(CM) 

5.44 
4.84 
A. 23 

3.63 

3.02 
2.  42 
1.30 
l.OT 

.60 

.00 

RAO.  POS. 
(CM) 

9.44 

4.64 
4.23 

3.63 

3.02 
2.42 
1.60 
1.07 

.60 

.00 

RAD.  POS. 
(CM) 
9.44 

4.64 
4.23 
3.63 

3.02 
2 ..42 
1.60 
1.07 

.60 

.00 

RAD.  POS. 


■H  ?A®  IS  BIST  QUALITY  PRACTICAJ&H 
W®  OOFi  IUOUSHRD  10  DOO  


CmUMFERENTIAl  POSITION  • 0.0  OPf*. 

( TN  PEHSEN  JETS) 


10.43  12.90  19.37  16.82  21.29  26.  »* 

UN I UR MED  HYDROCARBON*  (PM) 


16.0 

10.6 

10.6 

10.3 

6.4 

11.1 

33.0 

4.2 

2.6 

4.9 

9.4 

1*.7 

114.0 

1.6 

1.6 

7.3 

6.0 

l».7 

37.5 

1.9 

2.2 

6.9 

6.1 

11.4 

0.0 

3.1 

4.9 

7.3 

7.2 

*.* 

3.0 

7.0 

9.0 

7.5 

T.6 

9.7 

6.0 

15.1 

17.4 

7.6 

6.6 

8.3 

16.5 

27.1 

24.7 

6.5 

7.* 

*.* 

26.9 

40.6 

27.3 

11.1 

7.0 

?.* 

36.0 

43.4 

27.9 

11.7 

7.* 

9.6 

CD 

(PPM) 

1991.3 

7C9.1 

344,7 

311.6 

>87,4 

287.1 

3327.9 

1205.3 

298.7 

390.0 

29*. « 

327.4 

3344.4 

833.4 

266.1 

399.9 

231.7 

375.3 

3162.6 

476.3 

294.9 

315.9 

76*. 7 

79*. • 

2143.2 

*93  .6 

439.4 

270.4 

237.1 

379.7 

1661.4 

605.0 

610.3 

263.3 

246.4 

367.1 

1541.9 

693.8 

739.6 

317.3 

784.9 

344.3 

1091.2 

799.7 

667.9 

415.3 

2*0.3 

327.4 

963.9 

962.0 

906.0 

945.4 

303,9 

#17.3 

906.0 

920.7 

910.9 

9*6.0 

324.* 

328.0 

NOX 

(PPP) 

113.0 

96.2 

72.0 

59.4 

46.4 

31.* 

190.9 

147.7 

106.0 

62.9 

48.0 

47.1 

197.0 

146.2 

116.2 

41.7 

47.1 

*?.* 

166.2 

117.0 

110.2 

30.2 

37.9 

44.3 

122.0 

84.0 

66.7 

24.6 

73.1 

43.1 

90.5 

60.0 

67.0 

22.9 

7°.  4 

41.8 

63.9 

46.0 

>1.2 

24.7 

27.7 

)•.’ 

44.0 

39.0 

*3.9 

29 .2 

76.9 

34.7 

37.2 

33.9 

40.0 

35.3 

?5.o 

3*.* 

36.0 

33.9 

40.0 

39.2 

73.3 

32.3 

C02  (PERCENT) 


1 36  > 

.92  1 

9 A 


4 -4 


mu  MOB  IS  BIST  QUALITY  PRACTICABLE 

I»0«  OOPY  FURBISHED  TO  DDO 


! 


r 


l 


I 

'< 

( 


DATA  SET-09  Cl®CUMFE»ENT!*L  posttion  « 15.1  9ES. 


AX  .POS. (C")  10. 41  12.90  15.17  18.82  71.89  8*.*> 

•AO.  POS . UNPUPNEO  HYC90C»e*CK'  (“P") 


<CP) 

5.4* 

36.0 

2*. 7 

19.8 

13.2 

26.1 

?5. 9 

*.e* 

52. 5 

5.1 

3.* 

6.1 

1 * . 6 

’4.* 

*.23 

24.0 

1.5 

2.2 

13.8 

13.0 

23.9 

3.53 

*9.0 

1.9 

1.9 

6.7 

n.9 

13.2 

3.02 

33.0 

2.1 

3.6 

6.1 

9.6 

19.7 

2. *2 

19,9 

6.7 

9,0 

7.0 

9.9 

11.7 

1.90 

12.0 

1*.  8 

19.* 

9.9 

9,* 

9*4 

1.07 

9.0 

30.* 

26.* 

1C. 3 

7.9 

7.9 

.60 

25.9 

**.9 

30.6 

12.1 

7.9 

9.9 

.00 

37.9 

**.8 

27.7 

12.7 

9.2 

9. 0 

RAO.  POS. 
(CP) 
9.4* 

2541.7 

682*0 

*.P* 

3319.9 

697.* 

*•21 

2C93.9 

699.6 

3.63 

1**1. 7 

*73.2 

3.02 

1SC0.9 

904.7 

2. *2 

1930. C 

664.9 

1.80 

1921.6 

776.6 

1.07 

1619.3 

874.9 

.60 

1C69.6 

993.2 

.00 

923.1 

990.7 

PAD.  POS. 
(CH) 

9.V* 

120.9 

84.2 

4.8* 

191.0 

118.9 

4.23 

61.7 

129.7 

3.63 

29.2 

116.2 

3.02 

29.0 

97.0 

2.42 

39,0 

61.9 

1.90 

*9,2 

47.7 

1.07 

59.2 

38.9 

.60 

34.7 

33.3 

,00 

31.3 

34.0 

CO 

(PPP) 

473.2 

367.9 

351.9 

430.3 

318.7 

SP7.0 

366.9 

196.4 

389.6 

336.0 

101.2 

376.7 

470.1 

9*. 8 

3**.7 

640.9 

166.3 

910.2 

931.2 

31*.* 

301.5 

930.6 

*98.4 

311.6 

963.9 

626.* 

329.9 

999.8 

6*8,2 

33*.6 

NO? 

(PPP) 

69.9 

73.3 

**.7 

107.9 

97.1 

5*.6 

124.7 

22.9 

59.4 

122.0 

12.9 

96.4 

99.0 

11.7 

*1.6 

73,2 

15.8 

JM 

5*.7 

22,9 

?0.8 

49.2 

31.6 

?p.o 

41.2 

3?.* 

26.9 

41.5 

3*.9 

76.4 

3*7.4 

449.5 

498.0 

909.1 
4*5.9 
*13.9 
387. • 
355.0 
12T.A 
315.  t 


30.7 
*1.3 
*9.9 
*«.• 
*7.9 
*5.9 
*1.9 
35.1 
38. > 
?».* 


i 


t 


RAO.  PCS. 


(CP) 

5,44 

7,68 

4.37 

4.84 

1C.4C 

6.10 

4.23 

*.57 

6.87 

3.63 

1.91 

6.48 

3.02 

2.01 

5.01 

2.«2 

2.90 

3,92 

1.80 

3.55 

3.13 

1.C7 

1.90 

2.67 

.60 

2.32 

2.43 

.00 

2.10 

2.40 

CO?  (PERCENT) 


3.74 

4,16 

>.77 

2. 1> 

9.87 

3,44 

3.29 

8.  "* 

6.71 

1,*1 

J.40 

8,  *1 

6.79 

.64 

8.18 

3.*9 

9.91 

.49 

2.79 

3.47 

4.9* 

.84 

?,  33 

3.7* 

1.76 

1.43 

8.08 

?«  99 

3.22 

2.16 

l.«2 

8.69 

3.00 

2.64 

1 . *9 

*.** 

2.96 

2.69 

1 .*0 

8.19 

h 

i 

1 

r 

•I 

\ 

j 

< 

J 

'] 


i 


\ 
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■HI  I tm  M BKT  ftUALtn  PBACTICABUI 
IRQi  QQKl  lUWUSHBD  10  DDO 


OAT*  SET-09  CIPCUNFEPENTIH  POSITION  ■ 30.1  9E6. 

UN  LINE  WITH  JETS) 


AX.POS.(CH) 

10. A3 

12.90 

15.37 

16.62 

?1.29 

26, 2> 

ft  AD.  POS. 

UNBUftNSD  HY0P0CAP8CN* 

(PPN) 

(CP) 

9.44 

69.0 

93. A 

79.8 

A9.0 

A*.0 

49.9 

4.94 

70.0 

13.2 

16.6 

31.1 

21.7 

A3,* 

A. 29 

21.9 

9.0 

3.1 

22.9 

12.6 

32. A 

3.61 

33.0 

1.2 

1.3 

9.  A 

10.6 

29.  A 

3.02 

39.0 

1.9 

3.7 

5.6 

11.9 

16 

2.  A2 

6.0 

A. 9 

8.7 

7.2 

10.6 

19.6 

i.eo 

19.0 

1A.7 

16*6 

9.3 

10.5 

9.  A 

1.07 

12.0 

12.  A 

29.0 

10.9 

9.5 

7.3 

.60 

39.0 

A7.1 

29.8 

12. A 

9.3 

*•  A 

.00 

37.9 

AA.A 

29.6 

12.9 

9. A 

*.* 

ftAO.  POS. 

CO 

(PPP) 

( CN  ) 

3.AA 

176A.7 

1997.1 

703.2 

. A95.2 

569. A 

A)7.» 

A. PA 

799.0 

2A07.7 

896.7 

3A0.3 

938.8 

549.7 

A. 23 

166.3 

20A0.2 

680.1 

20A.6 

A80.1 

342. 1 

3.61 

1B6.7 

933.  A 

A76.3 

69.7 

A07 , ft 

911  *1 

3.02 

1309.7 

609.6 

A93.6 

63.  A 

972.1 

901.6 

2.A2 

2161.3 

737.1 

691.9 

166.3 

SAA.7 

499.1 

1,60 

2A30.9 

867.9 

8A2.9 

A00.3 

3A0.3 

39*. 9 

1.07 

1967.1 

999.8 

9A5.6 

603.3 

3A3.2 

399.2 

• 60 

1930.9 

996.9 

969.6 

6P7.7 

3AA.7 

349,5 

.00 

997.  A 

999.9 

923*1 

670.6 

3AA.7 

334.9 

PAD.  POS. 

NOP 

(PPP) 

<CH) 

9.AA 

63.0 

90.2 

AO. 7 

39,  A 

A9.0 

79.7 

A. PA 

22.0 

199.7 

109.0 

22.3 

60.9 

At . 3 

A. 23 

P.9 

199.0 

137.2 

1A.0 

96.9 

99.  A 

3.63 

9.9 

129.2 

13A.0 

10.5 

93.  A 

57  , • 

3.02 

26.7 

97.7 

107.2 

9.9 

AA.A 

5H.4 

2.  A2 

96.0 

69.7 

78.2 

16.7 

39.6 

93.2 

l.PO 

119.0 

A9.7 

96.9 

29.3 

92.7 

A*.2 

1.07 

79.2 

39. 9 

A7.2 

38.6 

30.1 

36. 9 

• 60 

AA.O 

33.0 

A2.7 

A 1 . 1 

29.0 

32.9 

.00 

36.7 

33*2 

A2.2 

39.8 

27.9 

2».9 

PAD.  POS. 

C02  ( PERCENT) 

(CP) 

9.AA 

A. 61 

9. AH 

2.9A 

2.93 

3.25 

2.26 

A. PA 

2*.  A9 

9.09 

6.11 

1.99 

3.6A 

3.17 

A. 21 

.21 

9.29 

7.92 

.99 

3.37 

3.64 

3.63 

.16 

7.P2 

7.A2 

. A2 

3.12 

4,7* 

1.02 

1.71 

6.07 

6.A9 

,29 

2 . 9 A 

4,99 

2.A2 

6.00 

A.A6 

A. 99 

.92 

2.A9 

1.77 

l.PO 

8. AS 

3.A1 

3.92 

1.92 

2.19 

1.73 

1.07 

9.91 

2.71 

3.37 

2.76 

2.06 

2. *9 

.60 

3.31 

2.AP 

3.02 

2.97 

1.90 

2.  A* 

.00 

2.A2 

2.18 

2.9A 

2.98 

1.83 

2.71 
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«B18  MOB  IB  BBST  QUALITY  FJUOTC1&I»* 

mor  oom  wwishk)  ro  ddo  - 

DAT*  SET-10  CI#CUPfE»E*mAl  POSITION  • 0.0 

UN  EE  TWEE ^ JETS I 


.POS.ICHI 

10.43 

12.90 

13.37 

10.02 

>1.29 

26.?* 

* AO.  POS. 

UN81I9NE0  HYOPCCAP0CKS 

IPPP) 

ICH) 

9.AA 

229.0 

330.0 

10  3.0 

90.1 

*5.9 

3*.  9 

4.04 

x 

723.0 

63.6 

3.9 

6.9 

19.0 

*•  IS 

1 

I 

I 

1 

I 

T 

3.61 

1 

700.0 

57.3 

3.7 

3.3 

4.0 

3.02 

1360.0 

127.5 

2.4 

4.1 

9.4 

>.5 

2.42 

300.0 

I 

2.1 

9.2 

3.3 

1.9 

l.ao 

r 

10.9 

7.2 

9.9 

4.3 

2.2 

1.07 

i 

40.9 

20.9 

6.4 

3.3 

>.4 

.60 

x 

76.3 

31.9 

P.2 

4.0 

4.4 

.00 

0.0 

89.9 

36.7 

10.0 

4.9 

9.9 

RAD.  POS. 

CO 

IPPHI 

ICHI 

9.AA 

2033.4 

2629.0 

167C.0 

1279.2 

10*1.7 

52*. 4 

A. 04 

I 

3332.9 

3024.9 

1043,3 

>27,0 

999.4 

4.23 

1 

I 

T 

X 

r 

? 

1.61 

1 

3325.9 

3262.6 

329.7 

346.7 

440.9 

3.02 

3267.1 

2966.0 

2236.7 

903.1 

317.6 

416.2 

2.42 

3306.9 

1299.1 

003.1 

474.6 

46?, 4 

41*.  3 

1.00 

2579.9 

1446.9 

933.1 

519.2 

446.5 

428.0 

1.07 

2339.0 

1900.0 

1224.2 

664,9 

456.2 

449.5 

.60 

2073.0 

1922.9 

1374.1 

063.2 

402,4 

46»,6 

.00 

1564.0 

1449.3 

1409.4 

992.1 

54  2.1 

409.7 

RAD.  POS. 

60* 

IPPH) 

ICH) 

3.44 

79,2 

66.0 

34.5 

71.0 

54.8 

41.5 

4.04 

1 

143.8 

151.0 

117.5 

02.9 

63.2 

4.23 

I 

1 

1 

X 

I 

T 

3.63 

I 

193.5 

192.7 

47.7 

59.9 

74.7 

3.02 

126,7 

126.7 

162.0 

36.7 

*0.9 

71.7 

2.42 

102.7 

90.0 

117.2 

32.2 

44.0 

67,4 

1.00 

00.3 

96.5 

79.0 

33.2 

40. 7 

60.* 

1.07 

97.2 

39.0 

96. 7 

!«.! 

96.7 

44.7 

.60 

47.7 

30.5 

4T.0 

46.3 

46,0 

47.0 

.00 

37.7 

20.2 

43.0 

50.7 

47,0 

44,0 

RAO.  POS. 

C02  IPE4CENT) 

1 CHI 

3.44 

6.16 

6.04 

4.29 

4.90 

3.44 

2. *3 

4.04 

I 

10.94 

9.21 

6.97 

5.13 

4.93 

4 ’1 

I 

X 

1 

X 

X 

t 

3.63 

1 

11.23 

11.01 

3.11 

4.34 

4.49 

3.02 

10.61 

10.09 

9.51 

2.9* 

4.14 

4.49 

2.42 

4.S9 

7.11 

7,14 

2.26 

2.94 

4,2* 

1.00 

6.91 

4.00 

9.12 

2.14 

2.44 

3.P« 

1.07 

4.46 

3.31 

4.21 

2.06 

2.91 

3.6) 

.60 

1.76 

2.01 

3.99 

3.9) 

2.49 

3.22 

.00 

2.70 

2.61 

3.34 

3.99 

2.79 

3.04 

K'l 

iV,..'  'j  .. 


fe-:, 


li , . . 

% 
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jfljtl  hub  13  BfcST  QUAltTT  FRiOtICABI* 
nua  oatt  vmoiishb)  xoddo  — - 

DATA  SET-10  CIRCUMFERENTIAL  POSITION  ■ 15.1  050. 


•POS. (CM) 

10.41 

12.90 

19.37 

18. 82 

21.29 

26.22 

RAO.  POS. 

UNBURNED  HYDROCARBONS 

(P**) 

(CHI 

. 

9.44 

4B0.0 

I 

144.0 

64.2 

1?\  .2 

43.4 

A. 94 

I 

I 

11.7 

4.(1 

73.6 

31,4 

4.1J 

1 

I 

! 

I 

71.9 

T 

1.61 

490.0 

t 

94.1 

8.4 

• 6 

4.1 

1.02 

929.0 

I 

9.2 

6.0 

.4 

>.4 

2.42 

100.0 

0.0 

2.3 

6.0 

1.9 

1.4 

1.90 

299.0 

12.0 

9.4 

6,6 

3.0 

1.4 

1.07 

0.0 

46.9 

21.1 

7.9 

9.4 

7. 2 

.60 

10.0 

79.5 

39.4 

7.9 

4,0 

4.6 

.00 

109.0 

91.9 

40.3 

9.9 

4.3 

4,2 

RAD.  POS. 

CO 

(PPM) 

(CM! 

9.44 

1294.9 

I 

1633.0 

1393.2 

1149.1 

960.4 

4.94 

1 

I 

2302.4 

1094.1 

474.4 

6f».P 

4.21 

1 

I 

1 

I 

1010.7 

T 

1.61 

2941.7 

I 

2633.4 

449.9 

413.9 

471.7 

1.02 

2907.1 

I 

2199.3 

304.4 

44Q.4 

439.4 

2.42 

3022.1 

1296.1 

933.2 

334.6 

309.1 

416. P 

1.90 

9016.9 

1441.7 

1039. 1 

468.6 

441.0 

434.6 

1.07 

2996.9 

1627.1 

1309.7 

693.4 

442.6 

431,6 

.60 

2799.9 

1969.6 

1434.4 

903.6 

904.9 

467.0 

.00 

2147.9 

1491.9 

1467.2 

1010.7 

984.9 

441.0 

RAD.  POS. 

NOX 

(PPM) 

(CM) 

9.44 

94.0 

I 

61.7 

79.7 

90.7 

41.  T 

4.94 

1 

I 

141.7 

137.0 

95.9 

64.2 

4.21 

I 

I 

I 

1 

94.7 

T 

1.61 

30.7 

I 

192.0 

29.7 

44.4 

41.7 

9.02 

19.7 

1 

162.9 

20.7 

7?.? 

76.3 

.2.42 

23.7 

91.3 

112.0 

22,0 

*6.4 

7*. 2 

1.90 

31.7 

60.2 

73.0 

29.0 

*4.7 

63.2 

1.07 

99.9 

41.2 

39.2 

39.0 

89.3 

3*.3 

.60 

36.3 

34.0 

46.9 

49.0 

34.7 

30.0 

.00 

26.7 

12.0 

44.0 

92.7 

34. T 

*3.7 

RAD.  POS. 

C02  (PERCENT) 

(CM) 

9.44 

7.41 

1 

4.96 

5.46 

4,03 

2.79 

4.94 

1 

1 

fl.Bl 

7,87 

3.97 

*.11 

4.21 

I 

I 

I 

I 

6.16 

T 

3.61 

2.97 

I 

11.20 

2.04 

5.31 

4.94 

1.02 

2.97 

I 

9.66 

1.27 

4,6? 

4.47 

2.42 

1.64 

6.71 

7,27 

1.46 

3.64 

4,  *1 

1.90 

3.96 

4.77 

5.40 

2.12 

3,07 

4.0® 

1.07 

9.96 

3.92 

4.29 

3.01 

2.  TO 

3,91 

.60 

4.42 

2.90 

3.61 

3.72 

2.41 

4.11 

.00 

2.61 

2.61 

3.44 

4.09 

7.64 

3.09 
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data  sst-io 


SBXt  PI®  IS  BIST  QUALITY  FMCtlCABLl 

fflO* '<3<*PY  PUR»1  SHKE  TO  DOO 
CmUHFMENTNL  PCSITIDN  . 3?,l  tjfg. 

WITM  JETS! 


AX, E»rs.  <C«I  10.43  12.00  15.37 


RAD.  POS. 
<CP«  I 
3.44 
4.14 
4.23 
9.63 
9.02 
2.42 
1*20 
1.07 
.60 
.00 

240*  POS. 
tent 
9.44 
4.94 
4.21 
3.61 
9.02 
2.42 
1.80 
1.07 
.60 
.00 

KAO.  POS. 
(CM) 

9.44 

4.84 

4.2J 

1.6) 

3.02 

2.42 

1.80 

1.07 

.60 

.00 


19.62  21*29  26.2? 


UNPURNfC  HYDRCC ARSONS 


109.0 
2P3.0 

I 

130.0 
3P3.0 

225.0 

733.0 

1110.0 

940.0 
845, C 


I 

I 

I 

I 

I 

1 

6.0 

43.0 
78,3 

88.0 


PAD.  POS. 
<CH 
5.44 
4.84 
4.23 
3.6) 
1.02 
1.42 
1.80 
1.07 
.60 
.00 


6.13 

2.46 

1 

I 

.76 

7.28 

10.94 

10.52 

3.88 

2*8) 


«7.6 

30.0 

40.2 

6.\7 

28.? 

7.0 

I 

1 

t 

2t.  4 

12.9 

1.2 

3.0 

6.6 

1.2 

2.4 

7.9 

1.9 

10.6 

7.6 

1.9 

l«.f 

7.3 

3*3 

JC.7 

8.7 

*.5 

37.5 

9.6 

6.0 

CO 

tP'PP!) 

2998.4 

2040.2 
1 

144.7 

1773.0 

3210.6 

3291.3 
3233.2 
276  2.6 
18)3.9 


1 

1 

I 

I 

1395,2 

1391,7 

1607,4 

1936.1 

1463.9 


17it.o 

31*4.3 

r 

31*4.3 
2**?. 7 
10?*. 3 
1037.8 
124!. 7 
1*23.6 

i*j:.j 


1168.7 

1062.8 
1 

437.7 

176.3 

222.7 

496.4 

915.6 

973.8 

1010.7 


*0*  (PPHI 


69.7 

1 

62.2 

75.2 

2 7.  0 

I 

1*6.1 

54.9 

I 

1 

1 

j 

10.2 

I 

197.0 

21.0 

19.2 

I 

161.0 

9.6 

37.2 

106.9 

113.7 

14,7 

115.2 

66.0 

73.0 

30,7 

110.9 

42.7 

! 3. 2 

47 .2 

61.5 

34,0 

**.3 

92,9 

34.3 

32.9 

*0.7 

94,0 

11*2.6 

604.6 
T 

?“,■» 

614.7 

367.1 
92*. 9 
310.? 
6*0.4 

343.4 


1*0.9 

m.» 

1 

100.3 

192.7 
142.2 

171.9 

100.7 
00.7 
OO. » 


CC2  IPEPCENT) 


f 

I 

I 

I 

I 

7.91 

9.20 

3.32 

2.78 

2,96 


379 


37.2 

>t.4 

1 

4.9 
*.I 

1.9 

1.3 
?.* 

3.3 
*.? 


661.0 

646.9 
T 

606.1 
47*. j 

300.9 
*1».) 

436.1 

454.7 
47*.4 


43.0 

79.6 
t 

94.0 

09.0 
»M 

71.7 

41.2 

91.7 

47.2 


*.70 

9.40 

*.04 

3.66 

1C.  66 

3.89 

4.00 

4. *3 

2 

I 

r 

f 

1J.57 

1.39 

*.62 

9.61 

i:.33 

.47 

4.60 

4.91 

7.39 

.93 

?.*4 

4.90 

3. 90 

7.21 

3.7? 

4,64 

4.29 

3.93 

7.60 

!,*J 

3.47 

4.01 

7.46 

6.24 

3, *2 

4.0# 

7.64 

1.07 

Xfc*'.££vAv,.‘.v  >-s 
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OAT*  SET-ll 


A*. PCS. (CPI  10.43 


A *0#  PO S. 
(CPI 

3.  *4 
*.84 

4. n 
3.63 
I.Ot 
*»4| 
1.80 
l.OT 

.60 

.00 


6*0 

23S.» 

*44.3 

106.3 

20.7 

.6 

! 

0.0 

0.0 

0.0 


•AO.  POS. 
(CM 
9.44 
4.84 
4.21 
3.61 
3.01 
2.4* 
1.80 
1.0? 

.60 

.00 


1294.9 

1316.8 
31*6.1 

3254.8 
*426.0 

045.6 
79  3.7 
630,1 

461.0 

179.1 


•AO.  POS. 
(CHI 
9.44 
4.84 
4.23 
3.61 
1.02 
*•  42 
1.80 
1.0? 

.60 

.00 


14.4 

21.8 

22.4 
19.8 
16.0 

11.5 

8.4 
6.9 
6.0 

9.4 


•AO.  POS. 
( CPI 


CI8CUN8f8|NTI*L  POSITION 
UN  BETWEEN  JETS) 


0*0  OEO. 


12.00  18.82  21.29  26. ** 
UNBUPNfO  HY0P0C4PP0NS  <ppw, 


9«  4 
9.4 
10.0 
2.8 
• 1 
.1 
.1 
.4 
.4 
.4 


737.1 
*220.3 
*389.4 
1133.0 

*88.8 

271.2 
163,6 
194,4 
398.9 

388.3 


*'? 

•6  1.2 

.4  ,6 

.6  ,6 

•6  ,t> 

.6  ,6 

•6  .7 

•A  .4 

•6  ,4 

•A  .6 


CO  (PPP) 


213.2 

139,8 

129.1 

119.2 
90.3 

73.2 

79.2 
111*8 

143.3 
176.9 


183.7 

143.3 

112.6 

98.4 
•l.l 
84. T 
82.6 

86.4 
86.9 
92.8 


NOT  (PPK) 


56,8 

86.0 

88.1 

78.7 

61.8 
42.9 
32,4 
29,8 
24.1 
29.6 


31.6 

96.8 

74.8 

30.2 

37.2 

29.6 

30.7 

39.4 

48.5 

94.9 


67.0 

77.5 

72.6 

65.8 

98.4 

91.8 

47.1 

45.6 

42.5 

42.6 


C02  < PfPCENT) 


1.3 

1.2 

.9 

.7 

.4 

,3 

.4 

.1 

.3 

.3 


111.8 

146.8 
198.0 
1*9.5 

140.2 

1*9,6 

181.3 

117.9 

113.9 

112.2 


47.1 

62.9 

72.1 

74.1 

72.9 

71.6 
67,0 

63.6 

93.9 
93.9 


9,44 
4.34 
A.  21 
3.63 
1 .02 
*. *2 
1.60 
1.07 
, 60 
• 00 


9.62 

9.79 

9,96 

9.66 

8.14 

i.7* 

4.13 

2.87 

2.54 

2,41 


4,80 
7.37 
6.21 
7.77 
6,39 
A. 71 
3.61 
2.98 
2.70 
2,60 


3.11 
A. 90 
3.47 
2.2  4 
1.6? 
1.29 
1.24 
1.96 
2.09 
2,40 


2.39 

3.24 

1.12 

2.79 
2.49 
2.20 
2, CO 
1.87 

1.80 
1.74 


380 


1.99 
2.62 
3.16 
1.19 
9. 14 
3.16 
2.9P 
2.77 
8.47 
2.27 


ii'/  >..V 


I* 


>346.6  1141.0 

1561.0  971.2 


2. *2  1114.4 

245.0 

41.5 

96 

1.80  1210.6 

351.9 

76  .f 

96 

1.07  817*6 

392.9 

130.1 

95 

I .60  669.6 

401.6 

175.1 

96 

| .00  401.6 

400.3 

196.4 

99 

i RAD.  POS. 

NOT 

(PPM 

RAO.  70S. 


C02  (PERCENT) 


DAT*  S6T-U 
6*.0OS.ICH>  io.4S 


*60.  P0$. 
(CHI 
5.44 
4.84 
*.ll 
3. 6| 

3.02 

i,*g 

1.80 

1.07 

.60 

.00 

*60.  70S. 
(CH) 

9.44  i 

4.04 
4.  01 
9.  61 

1.02  • 

2.42  y 

1*00  21 

1.07  ic 

• 60  i 

• 00  4 


9.0 

10.3 

7.3 

9.0 

6.0 
6.0 

16.9 

0.0 

0.0 

0.0 


SKI  MOB  16  BBS?  QUALITY  PMiCXlWAy* 

MMoarx  yuMusHK  xo  doo  — - 

c,,cu”f  sraa  BB’yn; 

12*90  19*«*  21.20  n.  ?2 

UN4URN0O  HV0R0C44P0N7  f p pm  ) 


1297.0 
730.7 
190.9 
292.6 
040,2 

1707.2 

2704.0 

1019.4 

937.0 

409.1 


CO  (PPP| 


*60.  PCS. 
(CHI 
3.44 
4.04 
4.29 
9.69 
9.^2 
2.42 
1.00 
1.07 
.60 
.00 

*60.  PflS. 
(CPI 
9.44 
4.04 
4.29 
3.61 
3.02 
2. *2 
1.60 
1.07 
• 60 
.00 


0.0 

3.9 

1.6 

2.0 

9.0 
22.9 
19.2 
2 0,9 

6.0 
6,0 


9.32 
2.06 
.39 
.If 
1.70 
6.36 
0.27 
9.34 
3.10 
2. 90 


*09.6 

2290.9 
2026.0 

703.2 

209.0 
274.6 

372.3 

992.0 

406.9 

400.3 


30,7 

00,0 

94.0 

02,2 

69.9 

40.0 

34.0 

27.0 

23.9 

22.9 


9.40 

0.72 

O.fO 

0.17 

7.11 

9.40 
4.69 

3.40 
2.92 
2,73 


170.9 

110.0 

70.3 

39.0 

20.0 

40.0 

104,0 

171,4 

202.6 

202.6 


147.0 
163.6 
19V. 0 
123.9 

110.0 

107.4 

107.0 

100.1 

100.2 

100.7 


NO*  (PPM) 


26,0 

19.1 

0.2 

4.0 

9.0 
10.0 
17.4 

29.1 

26.1 
26.6 


74.6 

04.0 

70.6 

77.0 

60.0 

63.9 

36.0 
91,4 

46.0 

49.9 


c 02  (PfPCIHTI 


3.26 
1.66 
.06 
• 61 
.37 
.04 
1.72 
2.99 
2.06 
2.92 


3.04 

9.46 

9.34 

3.10 

2.06 

2.96 

2.41 

2.17 

1.00 

1.84 


117.0 

194.0 

137.1 

194.0 

132.4 

120.0 
117,0 
HO. 9 

104.4 
103.6 


91.2 

63.4 

71.4 
7?.9 
00.1 

74.4 

71.4 

67.0 
60,2 

96.0 


7.39 
2.60 
3,10 
9.30 
1.29 
3.49 
3.28 
2. 44 
2.94 
2.24 
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OAT*  SET-12 

AX  «POS . < CM ) 10,43 


*A0.  POS, 
IC«  > 
9.44 
4.84 
4.23 
3.63 
3.02 
2.42 
1.80 
1.07 
.60 
.00 


I f' 


•AO.  POS, 
(CM) 
9.44 
4.84 
*.23 
3.63 
3.02 
2.42 
1.80 
1.07 
• 60 
• 00 

RAO.  POS. 
(CM) 

5.44 
4.84 
4.23 
3.63 
3.02 
2.42 
1.80 
1.07 
.60 
• 00 

RAO.  POS. 
(CM) 

9.44 

4,84 

4.23 

3.63 

3.02 

2.42 

i.eo 

1.07 

.60 

.00 


CIRCJMEEREnTUI  POSITION  . 3.3  *« 

4£ TVE £ N JETS) 

10,43  12.90  If. 37  i#  «»  __ 

*a'  le.82  21, ’a  ?6,2* 

UN8U4VE0  HYDROCAP  PONS  (PP"> 

: '»:> 

2310.0  'I’J  *5  •’  .*7 

’79.0  1.5  -7  ®*  .4 

I i *«0  .7 

i o.5  ;66  *;  •*  .? 

1 o*o  1.0  *$  *!  •’ 

I 0.0  1.J  *1  •!  ‘A 


SBISPASX  IS  BEST  QUALITY  PFAdWiBSI 
OOPY  MSI  SHIED  TO  DDO 


2792.7 

I 

I 

3142.6 

3282.2 

3223.6 

1874.3 

1393.3 

1117.3 
766.  0 


7.51 

I 

I 

9.64 

10.60 

9.9ft 

7.34 

5.04 

3.96 

2.9? 


6.26 

30.29 

10,36 

11,03 

9,29 

6.71 

4.88 

3.90 

3.26 

3.07 


CO  (PPM) 


2134.2 
3344.4 
3324.6 

3333.0 

2202.1 

506.3 

545.4 

666.8 

678.2 

643.2 


729.0 

2697.4 
30  5® , 1 

2676.5 
2722.4 

1769.6 

507.9 

367.9 
527,3 

557.0 


360.8 

204.0 

155.3 
159.  7 

140.2 

127.4 

132.3 

162.4 

216.5 
296.7 


NOX  (PPM) 

U.4  39,e 
29.4  39,5 
?0.6  39.4 

31.9  26.3 
31«  7 21,3 
76.3  IT. 9 
19,0  16.4 

12.9  20,7 
’•0  25,8 
9*6  29.6 

C02  ( PERCENT) 


*.24 
5.93 
10,36 
1C, 60 
10.75 

9.49 

7.49 
5.61 
6.09 
3.64 


3.66 
5.70 
4,19 

2.66 
2.37 
2.02 
2.07 
2.37 
3.01 
3.39 


311.4 

181.4 
154.8 
163.0 
1®  1 » 7 

147.7 

132.7 
13*. 0 
135.6 
151.3 


1’1.3 
173.  » 
14®.  » 
1»9.6 

171.3 

117.4 
123.1 

171.4 
13®.l 
13®. * 
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DATA  SET-12 

AX. PCS. (CM) 

P *0.  POS. 
(CHI 
3.44 
A. PA 
4.23 
3.63 
3.02 
2.42 

i.eo 

1.07 

.60 

.00 

PAD.  POS. 
(CHI 
5.44 
4.84 
4.23 
3.63 

3.02  i 

2.42  i 

1.60  i 

1.07  ] 

.60  ] 

.00 

RAO.  POS . 
(CH) 

5.44 

4.64 

4.23 

3.63 

3.02 

2.42 

1.60 

1.07 

.60 

.00 

RAD.  PQS, 


SIS  PAQS  IS  BEST  QUALITY  PBACTlCAMil 
modi  OQPY  lUWttSHSD  TO  DOO  — 

CIRCU^FERE^TIU  POSITION  • i*.l  orG. 

10.43  12.60  1 * • 37  16.42  21. ?a 

UNOURkcD  HYDRCCARBCNP  (PP-) 


465.  C 
2580.0 
165.0 
15.0 
0.0 
I 
I 
1 
1 
I 


46.5 

114.0 

147.0 

67.5 

0.0 

1 

1 

I 

0.0 

c.o 


3325.6 

3142.6 
3213.2 

2111.7 

2292.1 
2307.0 

2134.2 

1764.7 
1474.5 

696.3 


2120.7 
3247.9 

3326.8 

3207.9 
1*17.3 

440.9 
520. fl 

651.9 
674.4 
639.1 


313.3 

1646.9 
2544.3 

2769.9 
1*19.0 

433.3 

307.3 
135.8 
162.0 
171.0 


(PPHI 

399.6 

210.5 
192.4 
143.3 

P2.2 

63.9 

110.0 

169.6 

234.7 

266.7 


NOX  t PPP| 


14.8 

13.8 

10.3 

45.1 

10.6 

22.1 

22.9 

71.4 

9.  7 

24.6 

30.2 

36.4 

4.3 

24.3 

31.6 

13.6 

4.7 

20. 1 

27,2 

9.6 

6.  2 

14.9 

20.0 

9.9 

8.5 

10.5 

14.0 

13.9 

11*1 

8.1 

1C. 4 

20.6 

6,5 

6.9 

9.0 

27.0 

5.0 

6.5 

^ • 6 

30.9 

(CHI 

5.44 

9.17 

6.59 

4.84 

9.94 

10.22 

4.23 

8.07 

11.45 

3.63 

3.02 

11.37 

3. 02 

2.93 

9,68 

2*42 

4.16 

6.98 

1.60 

3,36 

5.19 

1.07 

7,54 

4,03 

. 60 

4.11 

3.39 

.00 

2.74 

3.07 

C32  (P6PCENT) 

4.49  4.40 

9.03  6,76 

19*94  3.46 

11*32  1.73 

19*29  1.02 

2192  l.io 

5*07  1,56 

**7P  2,45 

*•12  3.26 

3.84  3.59 


377.1 

279.4 
158.7 

167.4 
15  P.  4 

152.4 

146.1 
141.3 
140.6 

143.5 


1*1.9 

1*1.4 

155.7 

130.1 

114.1 
116.3 

119.6 
131.0 

132.7 
14?.* 


'>  f 


38XS  PACO  IS  BEST  QUALITY  FSACTICAftUt 

no  oopi  PvmusHBD  xo  ddo  

OATA  SET-12  CIRCUMFERENTIAL  POSITION  • 30.1  0F6. 

CIN  LINE  WITH  JETS* 


POS* (CM) 

10.43 

12.90 

13.37 

16.82 

>1.29 

PAD.  POS. 

UNBURNEO  HYDROCAPRONS 

(PPM) 

(CM) 

5.44 

0.0 

22.9 

9.9 

1.7 

2.9 

1*3 

A.  89 

13.0 

141.0 

42.9 

1.9 

.7 

4.23 

0.0 

126.0 

9.9 

2.0 

.3 

• % 

3.63 

I 

91.0 

3.4 

1.6 

.3 

• " 

3.02 

0.0 

4.9 

.9 

1.3 

0 1 

• * 

2.42 

180.0 

I 

.4 

1.1 

.3 

1.80 

969.0 

I 

.9 

.6 

.3 

• ^ 

1.07 

929.0 

I 

• 6 

• 6 

.4 

• * 

f . 1.07  929.0  I .6  ,6  . A 

V I 0.0  1.0  .6  .9 

.00  I 0.0  1.1  .6  .9 


RAD.  POS. 

CO 

(PPM) 

! 

(CM) 

9.44 

2016. C 

2607.4 

224.2 

317.9 

264.1 

17)  .0 

4.64 

1367.2 

3326.8 

942.9 

326.9 

206.4 

179.9 

4.23 

284.9 

3343.1 

993.0 

223.7 

10*. 9 

148, S 

3.63 

177.2 

3147.4 

473.7 

126.6 

194.3 

131.4 

3.02 

1T39.8 

1792.2 

333.6 

99.6 

184.6 

113.9 

j 

2.42 

3263.6 

416.8 

124.4 

63.6 

172.8 

114.1 

i 

1.80 

3309.9 

903.1 

104.4 

126.1 

141.1 

113.9 

1 

1.07 

3344.0 

621.0 

142.4 

204.0 

190.8 

120.9 

f 

.60 

1272.6 

663.1 

167,8 

231.3 

1*8.4 

130.3 

.00 

791.4 

630.0 

173.2 

266.6 

1*7,7 

139.9 

RAD.  POS. 

N0X 

(PPM) 

(CM) 

9.44 

10.3 

19.8 

10.9 

47.3 

44.1 

34.4 

j 

4.84 

4.4 

21.9 

26.0 

30.0 

A0,0 

4T.> 

I- 

4.23 

1.2 

29.9 

30.8 

16.8 

48.4 

9>.  3 

1 

3.63 

1.3 

29.8 

31.7 

12.4 

42,8 

32.3 

I 

! 

3.02 

9.6 

21.2 

103.2 

6.0 

3*.8 

33.7 

2.42 

14.2 

19.3 

74,0 

8.6 

34.1 

43.1 

1.60 

19.9 

10.3 

91.7 

17.0 

29.2 

44.4 

1.07 

13.3 

8.2 

39.7 

26.4 

23.7 

38.9 

.60 

7.7 

6.9 

34.1 

30.6 

23.9 

3>  • 3 

.00 

6.9 

6.7 

32,7 

31.0 

22.1 

?o.4 

RAD.  POS. 

C02  (PERCENT) 

i 

(CM) 

9.44 

6.91 

6.10 

4,49 

4.86 

4.91 

9.99 

/ 4k 

4.84 

3.06 

11.42 

10.43 

3.08 

4.89 

4.37 

4.23 

.43 

12.11 

11.90 

2.07 

A. 49 

4. *3 

3.63 

.12 

11*99 

11.37 

1.20 

4.29 

4.97 

3.02 

2.0C 

10.00 

9.89 

.63 

3.49 

4. >3 

l { 

2.42 

9.41 

7.27 

7.70 

.60 

3.99 

4.99 

( v • 

1.60 

10.87 

9.10 

9.89 

1.86 

3.04 

4.10 

1.07 

10.22 

4.04 

4.70 

3.01 

2.71 

9.90 

.60 

4.71 

3.40 

4.04 

3.63 

>.99 

3.08 

.00 

3.18 

3.09 

3.78 

3.67 

>.41 

2.44 

f 

I 

i 

| 385 


DATA  SET-13 


m nm  is  m quality  mcriflASi* 

UK*  DOTY  FWMSHtt  TO  DDO  — •*- 


CIRCUMFERENTIU  POSITION  » 0.0  OFS. 

UN  BETWEEN  JETS) 


POS. (CM) 

10. A3 

12.90 

13.37 

16.82 

21.  ’9 

26.7? 

PAD.  POS. 

UNBURNED  HYDROCAP  BCNS 

t PP“) 

(cm) 

9.AA 

39.0 

229.0 

.A 

.3 

.3 

.7 

A. PA 

2320.0 

660.0 

2.9 

.1 

.1 

A. 23 

2172.0 

1099.0 

1.2 

.1 

.1 

.1 

3.63 

1300.0 

A20.0 

.9 

.1 

.1 

.1 

3.02 

301.0 

0.0 

.3 

.1 

.1 

.1 

2.A2 

91.9 

1 

.1 

.2 

.1 

.1 

1.60 

0.0 

I 

.1 

.2 

.1 

.1 

1.07 

0.0 

1 

.1 

.2 

.1 

.1 

.60 

0.0 

1 

0.0 

.1 

.2 

.1 

.00 

1.9 

0.0 

2. A 

.1 

.* 

• 1 

RAD.  POS. 

CO 

(PPM) 

(CM) 

9.AA 

3310.1 

2366.3 

33A.6 

119.6 

37.3 

A3. 3 

A.  0 A 

3079.2 

3209.6 

1833.9 

9C.7 

99, A 

AA,B 

A. 23 

3023.6 

33A3.9 

2A03.1 

73.2 

96,0 

AD, 7 

3.63 

31A7.1 

3270.0 

223A.0 

6A.0 

96.8 

39.3 

3.02 

3330. A 

1999.6 

1193.0 

96. A 

83.9 

33.7 

2.A2 

31AA.3 

233.0 

20E.B 

A0.1 

61.0 

3A.1 

1.00 

1230.6 

236.6 

1A3.3 

AS.  2 

90.2 

39.3 

1.07 

660.7 

207. A 

16A.9 

90.2 

A7.7 

37.9 

.60 

A95.2 

297.3 

180.1 

96.9 

A * » 1 

Al.l 

.00 

367.9 

209.9 

1773.0 

67.6 

AO. 3 

A3. 8 

RAO.  POS. 

NOX 

(PPM) 

(CM) 

5.AA 

1.0 

60.0 

201.0 

197.7 

176.0 

12«.) 

A. BA 

2.0 

93.7 

A06.0 

267,7 

217.0 

176.0 

A. 23 

3.0 

97.2 

900.0 

2CA.7 

191,0 

?0».D 

3.63 

23A.0 

92.7 

919.0 

130.0 

173,0 

203.0 

3.02 

233.9 

73.2 

A21.0 

102.0 

IA1.0 

70A.0 

2.A2 

209.0 

93.0 

302.0 

• *.e 

1A1.0 

l«H.O 

1.00 

172.0 

30.0 

217.0 

PA. 2 

1?T,  0 

179.3 

1,07 

122.0 

29.7 

172.0 

93. P 

11*. 0 

19».0 

.60 

112.0 

29.7 

1A6.0 

110.2 

19*. 9 

1A7.3 

.00 

11  A.  0 

29.7 

390.0 

123.2 

103.0 

133.3 

PAD.  POS. 

C02  (PERCENT) 

(CM) 

9.AA 

9, A3 

7.A1 

9.27 

A. 97 

*.  06 

?.«A 

A. BA 

9.09 

11.13 

9.23 

6.2! 

A.»3 

A. 03 

A. 23 

B.03 

11.39 

10. 6P 

A. PC 

*.3l 

A.A9 

3.63 

9.*? 

11.19 

10.73 

3.36 

7. a* 

A. 62 

3.02 

10. T9 

9.96 

9.96 

2.66 

3.89 

A.9? 

2.A2 

9.90 

7,13 

P.10 

2.2* 

7,2* 

A, 31 

1 . BO 

7.3* 

9.32 

6.33 

2.2* 

7.9« 

A. 00 

1.07 

9.09 

A. 37 

3.39 

2.93 

2. *9 

9.60 

• 60 

A .0* 

3.03 

A. 73 

3.C* 

7.63 

3.*0 

• 00 

3. At 

3.61 

0.99 

3. *6 

7.96 

3.03 

I 

l 


s 

) 

? 


< 


IBIS  PASS  IS  BEST  QUALITY  PSUCIICABU 
rROI  OQPY  PUKhlSHBD  TO  DOO 


da u sti-ia 

CIPCUMf tRENTJAL  POSITIOK  ■ 

13.1  0F6 

• 

AX. PCS. (CM) 

10.43 

12.90 

15.37 

16.  92 

21.29 

26.2? 

RAP.  POS. 

UN BURKED  HYORCCARBON' 

(CM) 

5.44 

1272.0 

21.0 

.4 

.2 

. * 

. * 

(i(A 

840.0 

34.0 

1.8 

.1 

.1 

.1 

*.23 

3.0 

46.0 

2.1 

.2 

.1 

.1 

3.63 

1.3 

13.0 

.4 

.2 

• l 

• 1 

3.02 

0.0 

0.0 

.3 

.3 

• l 

• 1 

2.42 

3.0 

I 

.1 

.3 

.1 

.7 

i.eo 

19.3 

1 

.1 

.2 

.1 

.1 

1.07 

33.0 

I 

.1 

.2 

.1 

.1 

.60 

I 

0.0 

0.0 

.1 

. i 

• t 

.00 

I 

0.0 

0.0 

.1 

• 2 

. 2 

RAP.  PCS. 

CO 

(PPM) 

(Crl 

?.u 

3238.0 

2132.3 

313.0 

13«.3 

111.3 

49.0 

4.64 

1297.7 

3233.6 

1467.2 

1C7.0 

72.4 

44,2 

4.23 

1470.8 

3315.4 

2426.0 

92.8 

62 . 7 

41,1 

3.63 

1399.9 

3188.7 

2303.5 

33.? 

•4,8 

37,0 

3.02 

1336.2 

1588.0 

1566.6 

34.5 

*3.9 

96.1 

2.42 

1427.2 

323.9 

322.4 

33.3 

33.9 

16.1 

1.80 

1430.8 

228.3 

177.2 

*3.2 

30.6 

34.1 

1.07 

1538.1 

276.0 

139.3 

37.7 

49.3 

39.4 

.60 

582.3 

284.3 

186.1 

69.9 

46,9 

4*. 4 

.00 

363.6 

286.8 

200.3 

7*.  1 

4R.1 

44,4 

RAO.  POS. 

NOR 

(PPM) 

(CM) 

3,44 

222.0 

233.0 

154.0 

232.7 

172.0 

134.0 

4.84 

180.0 

333.0 

379.0 

26  6.3 

221.0 

136.0 

4.23 

97.0 

399.0 

503.0 

12*. 3 

241.0 

21*. 0 

3.63 

61.0 

395.0 

335.0 

60.0 

224,0 

22*. 0 

3.02 

8 7.0 

333.0 

*45  .0 

42.3 

1R6.0 

?1».0 

2.42 

133.0 

233.0 

326.0 

48.6 

147.0 

204.9 

1.80 

170. C 

171.0 

231,0 

76.3 

139,0 

1*3,0 

1.07 

137.0 

129.0 

177.0 

10*. 7 

120.0 

162.0 

.60 

101.0 

113.0 

1*2.0 

121.3 

100,0 

141 .0 

.00 

93.0 

112.0 

143.0 

129.7 

103.0 

13».0 

RAO.  POS. 

C 02  < PERCENT) 

2 


30.43 


21,0 

0.0 

0,0 

2.5 

1.5 

• 1.0 

SM.s 
96, o 
I 
I 


IINE  Wf  TH  jfTS,  ,0‘  ‘ ’’fc. 

32.90  1*  j , 

*6.37  j * . , 

*" • “c  9l  . . 

I'NSURVPO  Hrcmnr 

‘"OtaCMBtot 

* • 0 f 


?5*  ?> 


132.0 
226.  5 

?2.0 

22.0 

0,0 

I 

I 

1 

2 
I 


*2 

7.6 

2.6 

.9 

• S 

• 1 
.2 

C.O 
• 1 
0,0 


2«28.2 

568.8 

260.8 

245.0 

1082.6 
3278.1 
3343, 5 
3132.8 
462,4 
350.3 


3298.4 

3297.7 
3239,1 

3306.5 

2533,4 

463.9 

226.9 

261.9 

251.7 

260.J 


434.8 

2934.4 
2’07.i 

2534.1 
1674.3 

548.7 

274.4 

163.5 

286.7 

299.1 


234.0 
106.7 

89.4 

49.3 

29,2 

26.0 
36.5 

53.9 

69.9 
74,1 


164.0 

86.0 
28.0 
28,0 
8 5.0 
26. 0 
>1.0 
'2.0 
0.0 
3.0 


269.0 

357.0 
♦13,0 

401.0 

341.0 

252.0 

177.0 

133.0 

114.0 

215.0 


*°*  (PPM  I 


9?.0 

65,7 

7?,  4 

65.? 

S».7 

54.9 

85.6 
«1.3 

50.6 
42.9 


*v.l 
4*,f 
1».* 
3 ».? 

70.5 
?M 

31.6 

f*.9 

?»o 

?®.4 


173.0 

405.0 

515.0 

527.0 

443.0 

316.0 

225.0 

174.0 

149.0 

142.0 


190.5 

120.5 

73.5 

42.5 
30,7 
28.0 
50.2 
92,0 

124.5 

134.5 


C0*  ^focENn 


*21. <> 

244.0 

215.0 

213.3 
1 ®5.0 
1*6.0 
1*1.0 
P6.0 
116,0 
133.0 


li\0 

155.0 
21®.o 
2?,.0 

717.0 
??>.0 
1»».3 

170.0 
1*6.0 

137.0 


